


Geological Society of Maine 

Bulletin 4 

Selected Papers on the Hydrogeology of Maine 

edited by 

Marc Loiselle 
Thomas K. Weddle 

Department of Conservation 
Natural Resources Information and Mapping Center 

Maine Geological Survey 

and 

Carol White 
Carol White and Associates 

1996 





Table of Contents 

Pref ace iii 

Introduction 1 
Andrews L. Tolman 

Groundwater Behavior in the Bedrock Of Maine 3 
John E. Sevee 

Ground Water Recharge Rates for Maine Soils and Bedrock 23 
Robert G. Gerber and Charles S. Hebson 

Background Water Quality in Significant Sand and Gravel Aquifers in Maine 53 
Thomas K. Weddle and Marc C. Loiselle 

Hydrogeololgy of Presumpscot Clay-Silt Using Isotopes 81 
Edward C. Brainard and Charles S. Hebson 

Quaternary Stratigraphy and Hydrologic Significance of Paleodrainage Patterns 95 
within the Lower Androscoggin River Valley, Durham, Maine 

Katherine M. Bither 

An Interactive Computer Program for Estimating Ground water Mounding 
Beneath Subsurface Waste Disposal Systems 127 

Marc C. Loiselle 



ii 



Preface 

"What a long, strange trip it's been ... " 

- Jerry Garcia 

Amen! When the idea for this bulletin was conceived by Carol White in 1989, inter
est in hydrogeology was at its peak. We all envisioned an abundance of interesting papers 
with a relatively quick publication time. While Carol did get many interesting papers, a 
number of factors conspired to slow the publication process. 

When family and professional matters forced Carol to relinquish the role as primary 
editor to us, we looked at what was in hand and thought the hard part was done - a quick 
check with the authors to make sure reviewers' comments had been addressed, and we were 
off to the·printer. Unfortunately, the quick check turned into a second fairly lengthy review 
cycle. A mixed blessing, because while it slowed publication, the delay allowed us to solicit 
and review several additional papers that have improved the final volume. 

In any event, we are finally here. While not as timely as hoped originally, we feel the 
papers in this volume make a significant contribution to our understanding of the hydro geol
ogy and hydro geochemistry of the State. 

too. 
Long, yes .... strange, yes .... but, we think, ultimately worth it. We hope you think so, 

iii 

Marc Loiselle 
Thomas Weddle 
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Introduction 

Andrews L.Tolman 
Robert G. Gerber, Inc. 

174 South Freeport Road 
Freeport, Maine 04032 

This volume summarizes some of the advances in our understanding of Maine's hydro
geology over the past decade. During the 1980' s, there was a boom in hydrogeologic evalu
ations spurred by proponents of development. In the course of that work, a number of 
professionals found time to do something extra, beyond the immediate needs of their current 
assignment. The papers in this volume represent some of the fruits of the extra effort that 
both public and private sector geologists put forth. 

In reading over these papers, I am struck by the overall high quality of the work and 
the practicality and applicability of the research they describe. This is not surprising, given 
that the authors, as a group, are active, problem-solving individuals. I plan to keep a copy of 
this volume on my ready reference shelf to provide a basis for solving future problems. 

Ground water in Maine occurs in a variety of settings; by local standards, most all of 
the state is an aquifer. These papers touch on a number of aspects of ground water, from 
where it x\comes from (Ground water recharge rates for Maine soils and bedrock), how 
slowly it can move (Hydrogeology of the Presumpscot clay-silt using isotopes), how complex 
its flow can be (Ground water behavior in the bedrock of Maine), how its quality is influ
enced by the medium (Background water quality in significant sand and gravel aquifers in 
Maine), how its flow is controlled by glacial and pre-glacial valleys (Quaternary stratigraphy 
and hydrologic significance of paleodrainage patterns within the Lower Androscoggin River 
Valley, Durham, Maine), and how its recharge is affected septic systems (An interactive com
puter program for estimating ground-water mounding beneath subsurface waste disposal sys
tems). 

The context in which all these papers rest is a ground-water regime dominated by 
small, local flow systems, within a landscape made up of fractured bedrock incised with pre
glacial drainage mantled with till, sand and gravel, and glaciomarine muds. Many of the pre
glacial valleys had much greater relief than the current topography, and valley fill aquifers are 
among the most productive in the state. The variety of sizes and sorting of glacial sediments 
is a function of the activities at or near the glacial margin. Depending on the energy levels 
and time, the same basic glacial process produces esker cores of boulders draped with fine 
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sands and Presumpscot muds Most of these seem to be derived from bedrock in the relatively 
near vicinity of the deposit. 

We have chosen to practice our craft in a difficult terrain. Maine has little "layer 
cake" geology, as Walter Anderson is so fond of saying. Farmers have watched their fields 
"grow rocks" as cobbles are frost-heaved to the surface, sighed, and moved west. Many ge
ologists have have looked at the multiply metamorphosed bedrock and crazy-quilt of glacial 
deposits and done the same. Geologists who are attracted to New England tend to relish diffi
cult problems as well as a rural, independent lifestyle. The contributors to this volume are ex
emplary of the pragmatic, problem-solving approach to hydrogeology that makes this small 
geologic community strong. 

These individuals have helped us unravel some of the complexities of ground water 
flow in this area. In the process, they have opened up new areas for research. What are the 
residence times of ground water in typical flow systems? How rapidly does ground-water 
quality come to resemble the medium? How much local variability is there in recharge rates? 
How much influence does fracture density have on natural flow direction and rate? On what 
scale can we consider rock and glacial materials homogeneous and isotropic? At what scale 
does local variability control ground-water flow? How can these hydrogeologic findings help 
us understand the geologic setting better? 

There are more volumes of research to be done and papers to be written. With tlie 
right contracts and clients to help fund the data collection, we have not yet worked ourselves 
out of a job in understanding Maine's hydrogeology. 
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GROUNDWATER BEHAVIOR IN 
THE BEDROCK OF MAINE 

John E. Sevee, C.G. 
Sevee and Maher Engineers, Inc. 

P.O. Box 85A 
Cumberland Center, ME 04021 

Abstract 

Groundwater flow behavior in the bedrock of Maine is controlled principally by the fractures. 
This flow through the fractures is controlled by the degree of interconnection of the fractures. Degree of 
fracture interconnection is a function of fracture orientation, frequency, extent or sb:e, shape and distribu
tion. Field measurement techniques for many of these fracture characteristics are described. Case field 
studies are presented where these fracture characteristics have been used to assist in interpretation of field 
pump test results. These case studies illustrate the usefulness of obtaining field measurements of fracture 
characteristics from bedrock exposures to infer the likely preferred direction of ground water movement 
through the bedrock. The results of the pump tests illustrate the importance of analyzing the test data an
isotropically if the fracture measurement data suggest a preferential ground water flow direction through 
the bedrock. It is suggested that observation wells for pump tests in fractured rock are installed to pene
trate the bedrock aquifer to the depth of the pumping well, rather than being screened to obtain informa
tion on discrete fractures only. This will result in more meaningful calculations of average transmissivity 
for the bedrock formation. 

INTRODUCTION 

Most rock exposures in the state of Maine show a significant number of fractures. Ob
serving these fractures sets one's imagination and curiosity into motion. It is fascinating to 
observe exposed fractures that seep with ground water and attempt to visualize the compli
cated interconnections of these fractures existing behind the exposure face. It is not uncom
mon to observe a fracture located near the top of an exposure face containing ground water 
seepage while other fractures positioned further below have no seepage. Some areas of the 
rock face tend to have many seeps, whereas other areas that apparently have the same fracture 
density, have no seepage at all. The apparent two-dimensional fracture pattern observed on 
the outcrop face masks the complex three-dimensional fracture array hidden within the rock 
mass. 

These exposures are models of the seepage behavior that is hidden in the underlying 
rock. Ground water seepage or flow in the rock is principally controlled by the fractures pre
sent since, in virtually all cases in Maine, the rock matrix material is too impervious to trans
mit significant quantities of water. The ability of the rock to transmit ground water is directly 

3 



Sevee 

related to the degree of interconnection of the fractures. The degree of fracture interconnec
tion is a function of many factors, including fracture orientation, fracture extent or size, frac
ture shape, fracture width, fracture frequency and density, and structural anomalies of the 
bedrock. 

In examining a rock outcrop face that exhibits ground water seepage, it is a challenge 
to explain why the seepage occurs where it is observed and, further, to predict the direction 
and location of seepage within the fractured rock mass as a function of the factors described 
above. Within the current state-of-the-art understanding of fracture flow, it is difficult to sort 
.through these factors or variables to determine how the factors interact with one another. Fur
thermore, all the individual fractures present within a rock mass cannot ever be directly ob
served. 

However, in many cases, the seepage behavior in Maine's rock can be categorized or 
generally understood by examining and cataloging the fracture characteristics which control 
the rock's hydraulic capacity. Such an opportunity arises for cases where pump test results 
and measured fracture data are available for the same formation or test site. When a correla
tion can be found between the preferred ground water flow direction and one or more of the 
fracture features, it may be possible to generally characterize the ground water flow charac
teristics of a limited region or a portion of a geologic formation. 

After a discussion of the factors that control seepage within bedrock, this manuscript 
compares the results of pump tests and measured fracture pattern data for two case studies. 
These case studies illustrate some of the challenges of understanding fractures bedrock flow 
characteristics. 

FACTORS CONTROLLING SEEPAGE IN BEDROCK 

Fractures are openings in the rock caused by tensile or shear stresses. Fractures can re
sult from folding, faulting, and localized stress relief created by thermal processes and 
changes in stress. 

Fracture surfaces are generally thought of as planar or near-planar features. However, 
actual fractures are frequently curvilinear, forming wavy or arcing patterns or zig-zag sur
faces. The use of a plane is a idealization that simpl.ifies visualization and mathematical de
scription of a fracture. Fractures, as discussed in this manuscript, will be visualized and 
analyzed as flat planes unless otherwise noted. 

Figure 1 illustrates an idealized, flat fracture surface. A line extending normal to this 
fracture plane, commonly called a pole, can be used to describe the orientation of this plane in 
space. The azimuth (compass direction of the pole) and dip (angle of pole below the horizon
tal plane) are used to describe the orientation of such a pole and therefore the orientation of 
the plane. Conventions have been established as to how to properly orient the pole relative to 
the fracture and an imaginary sphere, centered on where the pole intersects the fracture plane. 
This convention also leads to visually useful methods of plotting fracture orientation data sim
ply as points in polar coordinates, where one coordinate represents azimuth and the other dip 
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POLE 

FRACTURE PLANE 

Figure 1. Illustration of a pole to a fracture plane. 

of the pole. An excellent review of these methods can be found in Billings, 1972. Figure 1 il
lustrates the definition of a fracttire pole. 

Fracture orientation, size and shape, width, frequency, density, and structural anoma
lies are each discussed briefly below. 

ORIENTATION 

Typically, fractures occur in sets. That is, a group of fractures observed within a par
ticular portion of rock have a common or sub-parallel orientation as a result of a particular 
stress field in the rock mass (Billings, 1972; LaPointe and Hudson, 1985). Figure 2 shows a 
rock exposure with two distinct fracture sets. One fracture set is generally oriented in a north
east/southwest direction and the other in a northwest/southeast direction. Note that even 
though the fractures are irregular at a detailed scale, overall fractures within each set have 
more-or-less the same general orientation. Let's assume that all fractures shown in Figure 2 
have near-vertical dip, then the poles for each fracture would lie in a horizontal plane at right 
angles to the fracture traces shown in Figure 2. 

The common situation is to have multiple sets of fractures with various orientations. 
An example of multiple fracture sets can be observed in the Vassalboro Formation in Orono 
along the Penobscot River, which has a principle fracture set that is oriented nearly vertical in 
a northeast/southwest direction and a second, nearly-vertical set, striking in a northwest/south
east direction. A third, nearly-horizontal fracture set can also be observed. Occasional frac
tures of apparently random orientation are observed in addition to those of the three principle 
fracture sets just described. The Vassalboro Formation in the Orono area consists of interbed
ded phyllite and quartzite (Griffin, 1976). The original beds have been upturned due to post
depositional tectonic stresses. The development of at least two nearly-perpendicular fracture 
sets is common in Maine's metamorphic rocks and is a result of ancient tectonic stresses. 

Another example of multiple fracture sets is found in localized areas of granite which 
have a nearly horizontal set of exfoliation or sheet jointing (Billings, 1972) and possibly one 
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Figure 2. Typical fracture sets in outcrop. 

to three additional nearly vertical fracture sets oriented in relation to local stresses that at one 
time existed for the granite body. In addition, the fracturing may vary from place to place in a 
regular and predictable pattern in some plutons, such as a circular pattern due to the rock's 
stress history (Strandberg, 1967). 

The orientation of a fracture set controls the direction of ground water flow through 
the rock mass. In the case where there is one principal fracture set, then ground water flow 
will be limited to the direction of the fracture set. In cases where multiple fracture sets exist 
at various orientations, other factors such as fracture width, length, and frequency must also 
be addressed to evaluate which fracture set, and therefore, direction, is most transmissive to 
ground water. 

SIZE AND SHAPE 

Fractures are of finite size. The shape or areal extent of a fracture plane or surface can 
not be measured without excavation of the rock and exposure of the entire fracture. Many 
times fractures are idealized as circular or elliptical planes for computational purposes (With
erspoon and Long, 1987). An indication of size can be obtained by examining the length of 
an exposed fracture (LaPointe and Hudson, 1985). All other factors being the same, fracture 
sets that have a greater length or areal size are more likely to transmit water over a greater dis
tance than less extensive fracture planes. Longer or larger fracture planes are also more likely 
to intersect other fracture sets, as well as sub-parallel fractures of the same set. Fracture inter
sections are necessary to transmit ground water from one fracture to another. 
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Figure 3. Detailed cross-section through a fracture. 

At mentioned above, the size of a fracture plane can be estimated by examining the 
length of an exposed fracture. Length of an exposed fracture is difficult to measure in most 
cases since rock exposures are of limited areal extent and many fractures extend beyond the 
limits of the exposure. Because most fractures disappear at the exposure limits, fracture 
length data from small exposures is of little value. Extensive exposures must be used and the 
collected data examined statistically (LaPointe and Hudson, 1985). Some fracture lengths or 
sizes can be very extensive, such as those associated with foliation in the Jewell Formation in 
the Portland area. The Jewell Formation in the Portland area consists of schists and phyllites 
(Hussey, 1985). Fractures associated with foliation in this formation can be on the order of 
hundreds of feet long. In other formations, the fractures may be of very limited length. 

WIDTH 

The aperture or width of the fracture is important in determining the fracture's ability 
to transmit water or any other liquid. Because the fracture surface is actually very irregular, 
the aperture varies throughout the fracture. Furthermore, even the average fracture width or 
aperture of the fracture may vary throughout the fracture (Gale and others, 1985). Experi
ments (Neuman, 1987) suggest that seepage actually occurs in "channels" formed by the as
perities or irregularities along the fracture surface (Figure 3). 

The hydraulic aperture is an imaginary average width of an equivalent smooth-sided, 
flat slit that is capable of transmitting the same amount of water as the natural fracture at a 
given seepage gradient. In the field, the equivalent aperture can be approximated from packer 
testing where cores have been retrieved (Snow, 1968; Long and Billaux, 1987). This, how
ever, provides only a crude estimate of the order-of-magnitude of fracture width unless indi
vidual fractures can be packer tested. When packer testing multiple fractures, all fractures 
along the core length may not be interconnected with other fractures and, therefore, will not 
transmit any significant quantities of water. 

Fracture width can at least be qualitatively described based on visual appearance of ex
posed fractures. However, identification of approximate fracture widths on rock surfaces is 
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NORTHEAST /SOUTHWEST FRACTURE SET 

FRACTURE SPACING - FT. 

Figure 4. Histogram of fracture spacing in a bedrock exposure. 

made difficult by the action of ice that tends to open fractures over the years. In blasted expo
sures it is not clear whether one is observing natural fractures, or those induced by the blast
ing. In addition, the natural fracture sizes may have changed as a result of the blasting. 
Compressive stresses on a fracture, due to the weight of the overlying soil and rock, control 
the fracture width to some extent. Therefore, unweathered fracture widths, exposed at the 
ground surface, may not be representative of fractures buried deep within the rock mass. 
However, even with all of these limitations, qualitative description of fracture width based on 
visual examination at an exposure, in the author's opinion, aids in directing an investigation 
and/or possibly corroborating field test results. 

FREQUENCY 

The frequency or spacing of fractures within a particular fracture set is also an impor
tant factor in determining the ability of a fracture set to transmit water. Some fracture sets are 
of a broad regional character. That is, parallel or sub-parallel fractures of a particular set may 
be tens or hundreds of feet apart. On the other hand, in highly foliated rock, such as portions 
of the Jewell Formation in Portland, distances between adjacent fractures are on the centime
ter scale. Holding all other things equal, the greater the frequency of fracturing in a particular 
set, the more important that set becomes in terms of potential to transmit ground water. Also, 
the greater the number of fractures within a given area, the greater the likelihood that these 
fractures are intersected by other fractures or fracture sets. 

Fracture frequency can be calculated for an exposure by measuring the distance be
tween adjacent fractures. However, fracture spacing typically varies throughout a particular 
rock mass. Figure 4 illustrates the fracture spacing or frequency distribution for one rock ex
posure. The rock exposure used to develop Figure 4 was approximately 50 feet by 75 feet. 
Note that the closer spaced fractures are more frequent than those spaced at greater distances. 
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Figure 5 illustrates a method for calculating the average spacing of one set of fractures 
(assume fractures extend into page, perpendicular to the plane of the figure). A 20-foot-long 
line has been constructed in Figure 5 perpendicular to the fractures of the indicated set. The 
number of fractures that cross the line are counted and divided into the line length to obtain 
the average fracture spacing. Once corrected for the dip and/or orientation of the fractures 
relative to the exposure surface, this value is a direct measurement of the average frequency 
of a particular fracture set (LaPointe and Hudson, 1985). Such lines can be measured at dif
ferent rock exposures to obtain a regional average spacing or to evaluate trends in fracture 
spacing over the region. 

FRACTURE DENSITY AND ANOMALIES 

Density as presented herein refers to the overall number of fractures within a given 
volume ofrock and is closely related to fracture frequency (LaPointe and Hudson, 1985). For 
instance, it is not uncommon when performing a regional examination of bedrock to find that 
separate exposures of a particular geologic formation do not have the same frequency of frac
turing for a particular fracture set. At one exposure there may be scores of fractures, in an
other, of equal exposure size, there may be only a few. This is due to variations in the stress 
distributi9n throughout the rock mass. An example of this can be found within a portion of 
the Ammonoosuc Formation in Berlin, New Hampshire, where fracture frequency for a par
ticular northeast/southwest set ranged from 2 fractures per 100 square feet to 20 fractures per 
100 square feet across several observation locations. This portion of the Ammonoosuc For
mation consists of gneiss (Billings and Fowler-Billings, 1975). 

\ 

Avg. Spa cl no= 11~~~~~:.,=1.8 ft/fracture 

Figure 5. Method for calculating the average fracture spacing in a bedrock exposure. 
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Fracture density is difficult to determine due to the truncation of fractures below soil 
cover. However, it is a measure of the uniformity of a fracture system over a region and, there
fore, is of value in assessing the success or certainty of hydraulic analyses of a rock mass. 

In addition to changes in density, there are near-linear zones within the bedrock that 
are more highly fractured than other areas. These so-called fracture zones are commonly asso
ciated with high yielding bedrock water supply wells (Gold and Parizek, 1989). Figure 6 
schematically illustrates a cross-section through a typical fracture zone. It is not uncommon 
for these fracture zones to be identified on high altitude aerial photographs from their tonal 
and topographic effects. Often the zones can be found associated with a series of hillside 
ground water springs. A dramatic example of such a zone is exposed along State Highway 26 
about 12 miles northwest of Bethel, Maine. These fracture zones can be extremely significant 
in controlling the bedrock hydrogeology of an area. Such a fracture zone that is intercepted 
by individual fractures may predominate the hydrogeology and control the general direction 
of ground water flow in an area within a particular rock mass. For instance, dikes or sills 
could be present in the rock mass. These intrusions may have a relatively low hydraulic con
ductivity, such as some basalts and pegmatites, or may be weathered and thereby have a rela
tively high conductivity. A fault zone may be "open" and porous and therefore permeable, or 
may be closed by cementation or intrusion, and act as a ground water barrier. Sometimes por
tions of faults are filled with weathered clay minerals, rendering the fault impervious to 
ground water movement. Fractures in the vicinity of such faults can also be filled by these· 

Figure 6. Schematic cross-section through a typical vertical fracture zone 

JO 



Groundwater Behavior in the Bedrock of Maine 

weathered clay minerals. Faulting and intrusions can occur on small scales of a few feet, as 
well as regional scales of many miles. 

COMPILATION OF OUTCROP FRACTURE DATA 

The above described factors that control the hydraulic or seepage characteristics 
within bedrock can be measured to varying extents. Fracture aperture is the least likely to be 
characterized with any certainty. Fracture orientation, depending on the quality of available 
bedrock exposures, and fracture frequency commonly are relatively easy characteristics to 
measure. There are methods available (not described herein) that describe how to collect and 
compile this data (refer to LaPointe and Hudson, 1985; Baecher and others, 1977; Barton and 
others, 1974, and Priest and Hudson, 1981). 

Fracture orientation is commonly illustrated in stereonets or pi diagrams (Billings, 
1972). The stereonet is used to plot the poles of the fracture planes. The frequency of poles 
can then be contoured in a pi diagram. The orientation of the greatest fracture frequency be
comes the mean fracture pole for that fracture set. An example of a stereonet is given in Fig
ure 7. Each fracture plane is represented by a dot in the circular diagram. The dot represents 
the intersection point of a pole with the lower hemisphere of a sphere centered on the diagram 
center. 

The azimuth of the fracture pole is denoted along the perimeter of the circular diagram 
and the dip is represented by the radial distance from the center of the diagram. For a pole 
point located in the center of the circle (remembering that the pole is oriented 90 degrees to 
the fracture plane), the fracture is horizontal. A pole point located along the circumference of 
the diagram represents a vertical fracture. The azimuth is given by the compass directions 
(relative to true north) around the circumference of the diagram (e.g. "N" means true north in 
Figure 7). Figure 7 also groups the fracture poles into fracture sets. Three principal sets are 
interpreted from the data presented. Also, a few random fractures outside of these sets are 
seen. Sometimes it is very difficult, if not impossible, to separate the fracture information into 
sets. The definition of the sets is somewhat arbitrary and represents a judgment by the geolo
gist. 

Set 1 has poles that vary in orientation from north-south to northeast-southwest. Since 
the poles are perpendicular to the fracture plane, this represents fracture orientations from east
west to northwest-southeast. The fractures (not the poles) of Set 2 are approximately oriented 
northeast-southwest. The fracture dips of Sets 1 and 2 range from about 60 degrees (relative 
to horizontal) to vertical. Set 3 represents a nearly horizontal fracture group. 

The fractures may be in the form of cleavage, jointing, faulting, and foliation. It is 
usually desirable to separate the various structural features such as foliation, bedding and 
cleavage from other joint sets to see if the bedrock structure can be correlated with the frac
ture data. Such correlation may show structural relationships or provide a greater degree of 
confidence in conclusions formed on the interpreted hydraulic properties of the fractured rock. 

11 



Sevee 

N 

w • E 
• 

s 

Figure 7. Example of a stereonet plot of poles to three sets of fractures. 

It is also important to characterize the observed length characteristics for each of the 
fracture sets. This data should be corrected to obtain extrapolated fracture lengths and, there
fore, an estimate of the areal sizes of the fractures. Throughout most of Maine, outcrops tend 
to be very limited, and a detailed quantification of equivalent fracture sizes, areal size or 
length is usually impractical. However, it is of value to know if fractures are extending for 
tens-of-feet or are only a few feet long. Even qualitative information on fracture lengths may 
be of some value. 

A typical distribution of fracture length data for some outcrops in the Bangor area is il
lustrated in Figure 8. For this particular observation, a lower recording limit of one foot was 
set for the measured fracture length. Therefore, fracture lengths of less than one foot were not 
measured, and are excluded from the diagram. It is not uncommon to use a lower truncation 
limit of up to 5 feet in length depending on the size of the rock exposure (LaPointe and Hud
son, 1985). In most investigations, fracture apertures are not measured. This is a difficult 
task, at best, and requires packer testing of individual fractures. Such testing is a costly task 
but may be warranted for highly sensitive environmental projects. As an example, fracture 
porosities in the Cape Elizabeth Formation at a site located in South Portland indicated a 
range of effective hydraulic apertures of 0.02 to 0.2 millimeters for various fractures. This in
formation was collected from packer tests, but has not been separated by fracture set or orien
tation. The Cape Elizabeth Formation at the location of these measurements consists of 
unweathered phyllite. 
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Figure 8. Typical distribution of fracture lengths in a bedrock exposure. 

MEASUREMENT OF WATER LEVELS IN ROCK 

It is not uncommon to use wells screened over several fractures for interpreting water 
levels in rock. When this is done, there are limitations to the ground water level data due to 
the errors introduced by intercepting several fractures. Where many fractures are intercepted, 
piezometric conditions in one or two fractures may control the observed ground water level in 
the well. The piezometric conditions in the fractures with relatively low hydraulic conductiv
ity may have essentially no effect on the water level in the well. In fact, once the well is in
stalled, the piezometric conditions in these low conductivity fractures may be locally 
controlled by the piezometric conditions of the more conductive fractures. 

An idealized fractured bedrock setting is illustrated in Figure 9. Here a well is inter
sected with one large fracture that has a hydraulic conductivity ten times that of the other frac
ture intersecting the well. Given the different piezometric conditions in the fractures, as 
illustrated in Figure 9, the water level in the well would appear as shown. The observed well 
water level more closely approximates the piezometric level in the larger, more permeable · 
fracture than that in the smaller, less conductive fracture. Therefore, water level data col
lected at the well shown in Figure 9 is biased away from the piezometric condition of the 
smaller fracture. It may be difficult to draw conclusions on the direction and magnitude of 
seepage gradients in such a situation. Vertical seepage gradients in a fractured rock are diffi
cult to interpret given the varying hydraulic properties and interconnectedness of individual 
fractures.This problem is illustrated in Figure 10. Figure 10 shows a simulation using a two
dimensional idealized fracture network (Huang and Evans, 1985). Piezometric conditions are 
simulated at the piezometer locations. The piezometric levels at the downhill location show 
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Figure 9. Schematic illustration of ground water potentials in a fracture system. 

upward vertical seepage gradients, relative to the phreatic surface (i.e. dashed line), but down
ward between the two piezometers. At the uphill location, the piezometers show both upward 
and downward gradients depending on the piezometers selected for comparison. In other 
cases, a consistent trend in gradient between fractures, either upward or downward, may exist. 
Consistent conditions are common in discharge zones along the center of steep-walled river 
valleys or at the top of mountains and hills where recharge is essentially assured. However, 
in the zones between the topographic highs and lows or where topography is relatively flat, 
the local vertical seepage gradients may be difficult to define and misleading depending on 
the extent of the available data. 

CASE STUDIES 

Case 1: A pump test in interbedded phyllite and metaquartzite 

An example of the use of outcrop mapping to understand and support the in situ hy
draulic conductivity characteristics of a rock is described below. The site is located in the 
Bangor area. This rock consists of interbedded phyllite and metaquartzite of the Vassalboro 
Formation. Bedrock exposures were observed at several locations and indicated three general 
fracture sets. The fracture sets are indicated on the stereonet shown in Figure 7. Bearing in 
mind that fracture poles on the lower hemisphere are plotted in Figure 7, fracture Set 2 is ori
entated nearly vertical in a northeast/southwest direction parallel with the bedding structure. 
A secondary set (Set 1) is approximately orthogonal to the first set. A third nearly horizontal 
fracture set (Set 3) was also observed. The fracture Set 2 had fracture lengths that typically 
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·extended beyond the reach of the rock exposures. The exposures measured a minimum of 50 
feet in any direction. Therefore, many of the fractures in Set 2 were longer than 50 feet. Frac
ture Set 1 consisted of shorter fractures. No detailed information on fracture aperture was 
available. Based on the fracture patterns and relative lengths, it was estimated that the higher 
hydraulic conductivity or transmissivity would be in the northeast/southwest direction, but it 
should not be significantly more permeable than in the northwest/southeast direction due to 
the degree of integration of fractures in this direction. 

A pump test was conducted on this site. The results of the pump test were analyzed as
suming both isotropic and anisotropic transmissivity conditions. The isotropic analysis as
sumed uniform bedrock transmissivity in all azimuth directions. Each observation well was 
analyzed using a routine Theis (1935) analysis. The square root of the reciprocal of the calcu
lated transmissivity for each well was plotted versus the azimuth of that observation well rela
tive to the pumping well. The results for each of the five observation wells are represented by 
the 5 points shown in Figure 11. 

An alternate analysis was also conducted, but is not shown for this case. The alterna
tive analysis assumed anisotropic transmissivity conditions and applied the method of Pa
padopulos (1965) (also see Hantush, 1966). To perform this calculation, arbitrary groups of 
three observation wells are analyzed using Papadopulos' equations. Each calculation yields a 
maximum and minimum transmissivity and orientation of the principal transmissivity direc-

Figure 10. Simulation of ground water potentials in a bedrock fracture system. See text for 
discussion. 
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Figure 11. Transmissivity ellipse caclulated for the five observation wells in Case 1. See text 
for discussion. 

tions. There are ten possible combinations of the 5 observation wells. These ten calculation 
results can then be arithmetically averaged to give average maximum and minimum transmis
sivity values and their average directions. In this case, both methods yielded comparable re
sults. Such good agreement is unusual, as Case 2 below will show. The proper approach to 
use when anisotropic conductivity conditions are thought to exist based on field measure
ments of the fractures, is to assume anisotropic conditions and use the method of Papadopulos. 

The results of the Theis analyses are shown in Figure 11, along with the best fit ellipse 
for the calculated transmissivity values for the five observation wells. Note that Figure 11 is a 
radial direction plot of the reciprocal of the square root of the transmissivity (Freeze and 
Cherry, 1979). Note also that the transmissivities calculated by the Theis method results in 
points that do not precisely fit the calculated transmissivity ellipse. This is due in part to the 
anisotropic nature of the rock (versus the assumed isotropic condition inherent in the Theis 
analysis), as well as heterogeneities associated with some fractures being more or less inte
grated than others and having different hydraulic properties. Figure 11 results in the direction 
of maximum transmissivity being oriented with the minor axis of the transmissivity ellipse 
and the minimum transmissivity being oriented with the major axis of the ellipse. Measuring 
the maximum axis of the ellipse, which is 0.28 day 112/ft, yields a minimum transmissivity of 
13 ft 112/day after squaring and taking the reciprocal. Similarly, the minimum axis yields a 
maximum transmissivity of 40 ft 112/day. These values indicate that the ratio of the two princi-
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pal transmissivities is about a factor of three. The average direction of the maximum transmis
sivity is about northeast-southwest. This is consistent with fracture Set 2 (see poles in Figure 
7) as estimated from the fracture mapping data. Although the data collected for the site does 
not allow detailed investigation of flow within every fracture in the rock mass, a general un
derstanding of the principle direction of flow was obtained using the pump test results and ex
posure fracture mapping. Therefore, this data is useful in locally identifying the direction and 
magnitude of the principle transmissivity, but it may fall short in estimating the precise path
way of, for example, chemical transport through the natural system of fractures. Although 
the general direction of movement may be in the direction of greater transmissivity, the path 
of chemicals will be erratic, traveling from fracture to fracture in a non-deterministic fashion. 

Case 2: A pump test in Southern Maine 

A second example of using fracture mapping and pump test results in rock is from 
southern Maine. The pump test was conducted in metaquartzite of the Vassalboro Formation. 
No rock outcroppings were available in the immediate vicinity of the pump test. Rock expo
sures within 1 mile of the site suggested a principal fracture set in the northeast/southwest di
rection with a secondary fracture set in the northwest/southeast orientation. The fracture 
information from the rock exposures suggested the direction of maximum transmissivity is 
likely to be in the northeast/southwest direction due to the greater fracture frequency in this di-
rection. · 

The results of the pump test are illustrated in Figure 12. The pump test was analyzed 
assuming anisotropic conditions in the formation. Here, again, arbitrary groups of three obser
vation wells were analyzed using the method of Papadopulos, 1965. Each dot in Figure 12 
represents a minimum transmissivity (again note radial scale of diagram represents the recip
rocal of the square root of the calculated transmissivity). Each "x" of Figure 12 represents a 
calculated maximum transmissivity. The orientation and l/(T112) values for each of the maxi
mum and minimum transmissivity data sets were calculated and resulted in the average trans
missivity ellipse shown in Figure 12. 

The northeast/southwest direction showed an average transmissivity about ten 
times greater than that in the orthogonal direction. This is consistent with the regional direc
tion of greater fracture frequency. 

A similar diagram showing an analysis of the same pump test data using a Theis analy
sis, as described in Case 1 above, is shown in Figure 13. The distribution of data points is er
ratic and masks the anisotropic behavior of the rock mass. The erratic variation occurs 
because of the highly heterogeneous nature of the bedrock. Unlike the Bangor case study, use 
of the Theis analysis is completely inappropriate for this formation. The success or failure of 
the Theis analysis is a function of how well integrated the fracture systems are and the degree 
of anisotropy that exists. 
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USEFULNESS OF PUMP TESTS 

When examining hydraulic conductivity of the rock, in situ pump tests generally pro
vide the greatest quality of information for the cost. The ability to conduct meaningful pump 
tests, to a large extent, is a function of the characteristics of the rock. Typically, the lower the 
yield of the rock, the more difficult it is to estimate the regional hydraulic characteristics of 
the rock using a pump test. This is due to the difficulty of extracting significant quantities of 
water and also in intercepting enough fractures so meaningful drawdown data can be col
lected. 

In most pump tests, the observation wells and pump wells do not fully penetrate the 
rock formation being tested and, thus, provide average information over a portion of the over
all rock mass. Some pump tests are conducted using observation wells screened over a thick 
section of the rock. This typically requires a different type of interpretation of the observation 
well drawdown data than piezometers screened only over a single fracture. Where several 
fractures intercept an observation well screen, the well registers an "average" piezometric 
level, integrating piezometric levels from all the fractures, even though one or two fractures 
may be controlling the observed water level in the well. 
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Figure 12. Transmissivity ellipse caclulated from the observation well data in Case 2 using 
the Papadopulos method. See text for discussion. 
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Some researchers (Neuman, 1987) believe pump tests of the overall rock mass are 
meaningless and that attention should be paid to individual fractures. As discussed above, pie
zometric levels typically vary from fracture to fracture, due to the individual fracture hydrau
lics and their interconnections. It is not uncommon to find, where multiple piezometers are 
installed in individual fractures, varying or apparently erratic drawdown data. For instance, 
ground water drawdowns near the pumping well in some fractures may be less than that ob
served in another fracture at a greater distance from the pumping well. This finding suggests 
that when performing a pump test, the observation wells are most useful when they penetrate 
the same portion of rock that the pumping well penetrates. Observation of the piezometric 
levels of an individual fracture will not likely provide meaningful results for the test unless 
that fracture is of particular interest. If individual fractures are selected for observation, the se
lected fracture may not even be interconnected to the fracture array intersected by the pump 
well. If it were hydraulically connected to the pump well, its size and hydraulic capacity may 
be unique for a particular fracture set and lead to confusing results. Although analysis of indi
vidual fracture data is possible within certain limitations (Karasaki, 1986; Gringarten, 1984; 
Wang, et al, 1978); the usefulness of such information may also be limited since it is impracti
cal to monitor all fractures. Full penetration of the observation well provides a greater likeli
hood that some fractures are interconnected with the pump well and some "average" 
piezometric conditions will be monitored. The fully penetrating observation well scheme al-

N 

• 
• 

• • w_..,r--~...-~....-~-.-~-+-~.....-~-.-~-.-~---+-E 

• • •• 0.1 0.2 0.3 0.4 l/V'j"(day 112/ft) 

s 

Figure 13. Transmissivity ellipse caclulated from the observation well data in Case Study 2 
using the Theis method. See text for discussion. 
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lows one to develop an understanding of the overall or average rock conditions, where indi
vidual fracture data is unnecessary. 

SUMMARY 

The hydraulic behavior of rock in field cases rarely results in precisely matching text 
book solutions. If the various collected data are consistent and lead to the same conclusions, 
then analytical predictability may be fairly good. On the other hand, if the results from the 
various methods contradict one another, or indicate that a clear interpretation is not possible, 
then either more data need to be collected or the uncertainty of any projections needs to be in
corporated into the evaluation. 

Stochastic methods have been utilized in an attempt to develop a better understanding 
of flow within discrete fractured media (Long and Billaux, 1987; Witherspoon and Long, 
1987). However, these stochastic models generate realizations that are not to be found in situ, 
except by pure chance. Therefore, even a significant number of stochastic realizations and 
their mean, will likely not agree with the natural setting. This has caused some investigators 
to study individual fractures rather than look at the mass hydraulic characteristics of the rock 
(Neuman, 1987). Transport within individual fractures is the key to understanding flow be
havior within rock. However, identifying the direction of ground water flow in a natural set
ting with millions of individual fractures is currently beyond the capability of state-of-the-art 
techniques and may always be since the fractures are hidden from direct observation. 

However, measuring fracture characteristics in bedrock outcrops can provide the inves
tigator with some guidance as to the likely direction of ground water flow. Alternately, the in
formation may provide information that suggests that the fracturing is so random that 
characterization of seepage is an impossible task from an analytical standpoint. Although this 
information may be discouraging to the investigator, it serves a useful purpose. If something 
cannot be described, it is important to recognize that fact, and then work within that limitation. 
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ABSTRACT 

This paper reviews methods and results of estimating recharge rates for Maine soils and bedrock. 
The percentage of precipitation that ultimately recharges soil and bedrock is an important variable in 
water supply safe yield evaluations and ground water contamination studies in Maine. The recharge rate 
is, for practical purposes, impossible to measure directly. Recharge rate varies seasonally and is related to 
features such as soil permeability and anisotropy, land slope, land cover, and location relative to ground 
water divide. Temperature variation as it affects snowmelt and evapotranspiration is also a governing fac
tor. Recharge rates are examined for five basic geologic terrains: 1) ice contact and outwash sand and 
gravel; 2) glaciomarine and glaciolacustrine clay-silt; 3) thick fine-grained lodgment till; 4) thick sandy 
(granitic derived) till and diamicton; and 5) thin sandy widely-graded soil over bedrock. Recharge rates 
for bedrock overlain by these surficial materials are also examined. Historical safe yield data, baseflow as 
determined from stream gaging, and recharge calibrated for models of these types of aquifer systems are 
summarized. The results can be applied to a wide variety of ground water problems in Maine and hydro
geologically similar locales. 

INTRODUCTION 

The percentage of precipitation that ultimately recharges soil and bedrock is an impor
tant variable to many hydrogeological evaluations in Maine. For example, water supply safe 
yield evaluations and ground water contamination studies require a knowledge of net flux 
through the geologic formation of interest. Predictions of the highest and lowest positions of 
water tables also require a knowledge of response to precipitation. Recharge rate is almost im
possible to measure directly, although the response of water wells as a function of precipita
tion is easy to measure. Unfortunately, mass balance models that compute water table rise 
from specific yield are overly simplistic. Even if one knows how much net recharge reaches 
a shallow soil water table, it is much more difficult to determine how much of that recharge 
will pass through to a fractured bedrock aquifer. 

This paper considers several topics related to recharge rates for Maine soils and bed-
rock and similar hydrogeologic settings: · 

• a systems framework for considering recharge to ground water; 
• methods for estimating net recharge to a geologic formation of interest; 
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• estimates by Robert G. Gerber, Inc. (RGGI), Freeport, Maine, and the U.S. Geo
logical Survey (USGS). 

From these studies, generalizations on regional average net recharge rates for different 
types of geologic formations are presented. In closing, further research efforts that would re
fine these estimates are suggested. 

A SYSTEMS DESCRIPTION OF RECHARGE AND GROUND WATER FLOW 

An exhaustive review of the literature on estimating recharge to ground water is be
yond the scope of this article. For all practical purposes, the preferred method of direct obser
vation and measurement is rarely feasible. Therefore, recharge must be calculated from those 
relevant variables that are observable or can be estimated independently. The very act of cal
culating recharge implies a particular model of recharge as related to other hydrogeologic vari
ables. Modeling, whether simple or complex, plays an essential role in the estimation of 
recharge. The modelS can range from simple water balance analysis to sophisticated three-di
mensional variably saturated numerical simulation. Most requirements for a realistic recharge 
estimate can be met by using a method intermediate in accuracy, complexity, and cost. 

Given that some kind of modeling is generally required to estimate recharge, it is help
ful to establish the systems nature of ground water flow. Precipitation recharge is usually the 
single most important natural input to a hydrogeologic system, while discharge to surface 
water is the ultimate system output. Piezometric head describes the state or condition of the 
system. The system parameters (hydraulic conductivity, storativity, fracture characteristics) 
and configuration (topography, stratification, bedding, types of rocks and soils) are funda
mentally geologic. Important external forcing functions include pumping and artificial re
charge, climate, water extraction by vegetative evapotranspiration (ET), and connections to 
adjacent aquifers and surface water bodies. There is essentially one physical process of inter
est, porous media flow as described by Darcy's law in saturated and variably saturated sys
tems. The entire system must obey fundamental mass balance constraints. 

Even though recharge is formally a system input in this context, it also is frequently re
ferred to as a model parameter. This semantic distinction, while real, need not be an obstacle 
in this discussion. Even though recharge is an input, it also is unknown, and therefore must 
be estimated. Following conventional usage, recharge estimation will be referred to as a prob
lem of parameter estimation in this paper. 

The important factors affecting recharge can now be given within the systems context 
described above. Recharge rate varies seasonally in Maine and is complexly related to land
scape, climatic, and hydrogeologic characteristics, including: 

• hydraulic conductivity and anisotropy 
• specific yield 
• unsaturated flow behavior 
• topography: slope and relief 
• surface location relative to ground water divide 
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• soil thickness 
• vegetative land cover type 
• precipitation distribution in time and space 
• temperature as it affects snowmelt and ET 

METHODS FOR ESTIMATING RECHARGE 

The extent to which all of the above factors are included in an analysis, i.e. the extent 
to which the system is modeled, will dictate the complexity of the method for estimating re

.. charge. Four general approaches to estimating recharge are considered here: 

• traditional water balance analysis 
• parameter estimation from observations on measurable quantities,( e.g. ground water 

levels and stream flow), in conjunction with ground water flow models 
• direct estimation based on conceptual and/or physically-based models of hydro logic 

processes 
• indirect estimation by saturated and variably saturated flow modeling 

Water balance analysis as applied to ground water systems is the simplest approach. 
Beyond that, it is difficult to assign a scale of difficulty to the other three approaches. Within 
each category, there is a range of complexity from which to choose. 

The principle of mass balance is fundamental to all of these approaches. Water bal
ance analysis is nothing more than hydrologic bookkeeping. Both automatic and trial-and-er
ror parameter estimation may use numerical methods, statistics, and mathematical 
optimization in conjunction with flow modeling. Direct estimation by modeling the compo
nent hydrometeorological and vadose zone processes is a mechanistic approach that models 
the hydrologic cycle from initial precipitation down to percolation (recharge) at the water ta
ble. Indirect estimation uses fully saturated or variably saturated flow models with boundary 
conditions such that the models implicitly calculate recharge to the aquifer. Variably satu
rated flow modeling avoids the need for explicitly identifying ground water recharge rates, 
but does require estimates of the various hydrologic abstractions at the surface and in the un
saturated zone. 

Water Balance Analysis 

Water balance analysis is based on applying the principle of mass conservation to the 
ground water system of interest. The aquifer is treated as a lumped system, with fluxes inte
grated over the system. All fluxes besides recharge must somehow be estimated, with re
charge to ground water given as the remainder in the mass balance equation. In essence, it is 
a form of book.keeping applied to the various fluxes in the hydro logic system. 

Water balance methods have several advantages: 

• (potential) simplicity 
• conceptually appealing 
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• physically consistent 
• a long history of application in hydrology 

Water balance analysis, though well-suited for application over large systems at 
steady state, is not without some limitations: 

• estimation of the component fluxes can sometimes be a problem, especially eva
potranspiration (ET) 

• water balance analysis may be too coarse for smaller systems where a higher degree 
of resolution is required 

The water balance equation can be written as 

P=RO+R+ET 

where P = total precipitation, RO = runoff, R = recharge, and ET = evapotranspiration: Given 
measurements for P and independent estimates of RO and ET, R can be calculated. 

Runoff is simply understood to be the fraction of precipitation that runs off the land 
and is not available for infiltration and eventual recharge. The best estimates of runoff are de
rived from actual stream gaging and precipitation data. In the absence of data, runoff is fre
quently calculated in practice with the Soil Conservation Service (SCS) Runoff Curve 
Number (RCN) method (Mockus, 1964). The RCN is a function of soil type, soil drainage 
condition, and land cover type. Evapotranspiration can be estimated with, among other tech
niques, one of the Penman vapor diffusion/energy balance methods (e.g., Eagleson, 1970, pp. 
211-242), a site-specific empirical method, or Morton's (1983) complementary relationship. 
Johnson (1977) concluded that the hybrid "Goldschmidt-Thomthwaite" theory was most ap
propriate for temperate continental areas such as New York state. On a watershed-wide basis, 
averaged over a year, analysis of the U.S. Geological Survey stream gaging data from Maine 
shows that 50% to 65% of precipitation passes through the watersheds. By simple water bal
ance calculation, therefore, the average net ET in Maine is in the range of 35% to 50% of pre
cipitation. Complex empirical formulas are unlikely to estimate the ET component much 
more accurately over an average year. However the formulas should provide insight as to how 
the ET can vary as a function of season and unique site-specific conditions. A limited amount 
of spatial and temporal distribution of fluxes can be handled by applying mass balance over 
smaller subareas. However, if local resolution, spatial variation, or seasonal effects are of pri
mary interest then some of the other methods discussed here may be more appropriate. Alter
natively, more detailed watershed models might be considered (e.g., Leavesley and others, 
1983; Famiglietti and others, 1992). This kind of detail is probably most important in shal
low, unconfined aquifers; flow in deeper bedrock aquifers is likely less affected by flux vari
ability at the surface. 

Parameter Estimation and Inverse Methods 

The problem of estimating aquifer properties from water level observations has been 
called the "inverse problem" of ground water modeling. Formal parameter estimation utilizes 
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sophisticated methods of optimization, statistics, and systems theory in conjunction with nu
merical models of ground water flow. These methods are called "inverse methods" or "auto
matic calibration". Yeh (1986) gives a review of parameter estimation in ground water 
hydrology. Model parameters (e.g., transmissivity, recharge) are estimated such that a speci
fied error criterion (e.g., sum of squared deviations between observations and simulation) is 
minimized. Prior to the development of formal algorithms for parameter estimation, models 
were typically calibrated by systematic trial-and-error (as opposed to "automatic") adjustment 
of parameters. The goal of manual calibration is also one of minimization, often the root 
mean square error (rmse) or the mean absolute error calculated from differences between 
simulated and measured water levels. Calibration and recharge estimation are improved if 
streamflow gain/loss data are also available, in addition to water level data. Inverse methods 
are potentially very powerful and in the right hands may be preferable to other methods for re
charge estimation in typical Maine applications. 

Advantages of inverse methods for estimation of recharge include: 

• estimates are consistent with underlying conceptual and mathematical flow models 
• temporal and regional spatial variability can be accommodated 
• estimates are optimal according to a defined criterion 
• knowledge of ET and soil water distribution not required 

Despite these strong points, automatic inverse methods are not yet routinely used. 
This may be attributable to some of the following disadvantages: 

• high level of analytical and computer expertise required 
• physically unreasonable estimates possible (may indicate problem in conceptual 

model) 
• optimal estimates may be non-unique 
• independent estimates of transmissivity may be needed 
• unknown parameters may not all be identifiable and observable 
• calibrate only to heads or fluxes; unable to calibrate to specified gradients 

The related problems of identifiabilty and observability bear special mention. In a pro
totype vertical cross-sectional model bounded by a divide (no-flow boundary) and a discharge 
point (fixed head boundary), aquifer parameters governing steady-state saturated flow are re
charge and transmissivity. The flux through the aquifer and the predicted water table posi
tions will be a function of the ratio of recharge and transmissivity. A reasonable match 
between predicted and observed head does not guarantee a unique recharge estimate, since it 
is the parameter ratio that is critical. Knowing in advance the approximate recharge rate nar
rows the possible range of transmissivities. These issues lead directly to the subtleties of sin
gularity, identifiabilty, and observability in parameter estimation (e.g., Cooley and Naff, 
1990, pp. 77-81). 

Several parameter estimation computer programs are generally available, in addition 
to the larger number of research codes with limited circulation. Cooley and Naff (1990) of 
the USGS have developed a parameter estimation computer program based on linear and non-
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linear regression in combination with a two-dimensional integrated finite difference ground 
water flow model. Doherty (1990) has developed a regression program, MODINV, for use 
with the USGS MODFLOW three-dimensional flow model (McDonald and Harbaugh, 1988). 
Hill (1992) recently published the MOD FLO WP regression module for use with MOD
FLOW. MODFLOWP is quite flexible and can be configured to a wide variety of estimation 
problems, including recharge estimation. Despite the availability of these codes, trial-and-er
ror calibration will continue to be widely used, especially in simpler applications. 

One-Dimensional Direct Modeling of Recharge 

Direct modeling uses a decoupled model of hydrologic processes in the soil column 
above the water table. Most of these models have come out of agricultural engineering and 
soils science, where the object is to model water and chemic~! fluxes through the unsaturated 
zone. However, it is just a small conceptual leap from flux through bottom of the column to 
ground water recharge. With modification, these models can be used to calculate recharge 
rates to ground water. These models are typically one-dimensional in the vertical. The major 
component physical processes are included (e.g., ET, actual water evaporation and consump
tion by plants, interception of precipitation, infiltration, runoff, and redistribution). Thus, 
these models may be thought of as detailed, physically-based water balance models. The 
treatment of the component submodels may be conceptual or physically-based, the latter usu
ally at the cost of added complexity and data requirements. The models are decoupled from 
the ground water regime. The lower boundary condition may be set as the water table in the 
case of shallow systems or as a specified head gradient (commonly = 1) for steady gravity 
drainage at depth. These models are data-intensive and require continuous and/or event me
teorologic data, detailed soils characterization, and crop/plant growth and water consumption 
parameters. 

A significant limitation of these recharge models is that they are one-dimensional. 
Variables such as distances to ground water divides and land slope are not considered. It is in
tuitive that steeper land slopes will shed more water and allow less deep percolation than flat 
land, other things being equal. This effect is not quantified in any meaningful way in the one
dimensional vertical models. However, the form of the landscape and the relationship of 
points to the ground water divides and discharge areas can be taken into account where water 
tables are close to ground surface. A useful technique for analyzing this special case is pre
sented in a later section of this paper. 

Advantages of direct recharge calculation by vertical modeling can be summarized as: 

• includes detailed temporal variability due to plant growth and climate 
• reasonable computational burden, though a computer is required 

Corresponding disadvantages are: 

• moderately heavy data requirements 
• cannot capture spatial effects of topography and location between divide and dis

charge boundaries 
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• moderate modeling expertise required 

A number of fully-documented, public domain one-dimensional models of vertical 
flow above the water table are available: 

•CREAMS 
•GLEAMS 
•HELP 
• DPM 

All of these models use simplified soil water routing to simulate vertical flow through 
the unsaturated zone. Such an approach works best in humid climates. 

CREAMS (Knisel, 1980) and its extension, GLEAMS (Leonard and others, 1986) 
are perhaps the best known and most widely used models in this list. The name "CREAMS" 
is an acronym for "Chemicals, Runoff, and Erosion from Agricultural Management Sys
tems". The model uses SCS curve number hydrology for runoff calculations, a simple soil 
water storage routing model for vadose zone water movement, and Ritchie's (1972) potential 
evapotranspiration model. A crop growth/water demand component is also part of 
CREAMS. CREAMS was later extended to include aspects of hydraulic and chemical load
ing to ground water. The result was dubbed GLEAMS, for "Groundwater Loading Effects 
of Agricultural Management Systems". However, it has been reported that GLEAMS does 
not route water completely from the root zone to the water table (Shoemaker et al., 1990). 

The EPA-sponsored HELP model (Schroeder and others, 1984a,b) is another offshoot 
of CREAMS. HELP (Hydro logic Evaluation of Landfill Performance) was developed by 
the U.S. Army Corps of Engineers for EPA using CREAMS as a starting point. HELP is in
tended for calculating leachate fluxes through landfill caps and liners. It is often used to cal
culate recharge to ground water beneath landfills. One of the major changes from CREAMS 
was the inclusion of modules for calculating flows through engineered landfill drains. Most 
of the component submodels are similar to CREAMS. Since HELP is designed specifically 
for landfill analysis and design, it is of limited use for estimating regional recharge. 

The last model in this group is the U.S. Geological Survey Deep Percolation Model, 
or DPM (Bauer and Vaccaro, 1987). The model is conceptually similar to CREAMS, 
GLEAMS, and HELP in terms of the physical process that are included and the manner in 
which flow through the column is modeled. Just as HELP is specialized for landfill applica
tions, DPM is specialized for calculating deep percolation rates. Therefore, of these four 
models it may be preferred for estimating regional recharge. 

There may be occasions in Maine when the unsaturated zone is thick, or the unsatu
rated zone requires a more physically based treatment. Then a one-dimensional variably satu
rated flow model should be considered, e.g., Opus (Smith, 1992) or RZWQM (GPSR, 1992). 
Some of the multi-dimensional variably saturated flow models listed below can also be ap
plied to vertical one-dimensional situations. 
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Indirect Estimation of Recharge: Saturated and Variably Saturated Flow Modeling 

In both water balance analysis and one-dimensional vertical modeling, recharge (or 
vertical flux through the bottom of the soil column) appears as an explicit boundary flux. The 
models, however simple or complex, solve for the recharge quantity when all other terms are 
known. In contrast, recharge does not appear explicitly in indirect methods, but is calculated 
as an internal flux in the model. This usually means that some effort may be required in inter
preting model results to extract the desired recharge estimates. The advantage of this ap
proach is that the problem can be posed in terms of known information (e.g. water levels) and 
system boundary conditions. Provided the information is accurate and the model is conceptu
ally correct, the resulting recharge estimates should be consistent with the known information. 

Advantages of estimating recharge indirectly with a flow model include: 

• problem is posed in terms of known and observable boundary conditions 
• recharge is calculated implicitly 
• recharge estimate is consistent with underlying conceptual model 
• allows for spatial distribution of recharge 

The disadvantages of this approach are closely related to the advantages listed above: 

• boundary conditions must be known 
• conceptual model must be consistent with the actual hydrogeology 
• modeling expertise and supporting computer resources are required 

Saturated Flow Modeling 

Indirect estimation of recharge with saturated flow models can be approached with 
two-dimensional models in section or plan, or three-dimensional models. It is appropriate for 
steady or transient flow situations. The essence of this approach is to develop the flow model 
in terms of known third-type (Cauchy or "leaky") boundaries over part or all of the domain .. 
This boundary condition is formally given in terms of hydraulic head in a "leaky adjacent 
aquifer" separated from the aquifer of interest by an aquitard. In practice, though, this 
method can be used even when a clearly defined aquitard is not present. The primary require
ments are that the phreatic (or piezometric) surface and hydraulic conductivity are known or 
can be estimated over the entire domain. 

In section models, the water table position (or reference head surface, for leaky con
nected aquifers or water bodies) is assumed known, and the goal is usually to determine the 
distribution of recharge across different strata in the aquifer of interest. Section models are 
quite useful in that the spatial distribution of recharge (and discharge) along the section is de
termined. This approach is best used at a local or small regional scale. 

In plan models, recharge across a semi-confining layer into a lower unit is often of in
terest. The same kind of known information assumed in section models is also assumed in 
plan models. Two- or three-dimensional models can be used, though three-dimensional mod-
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. els are most representative of the physical flow system. As saturated flow modeling is now a 
mature subject that is widely applied, it is not necessary to tabulate the many available mod
els. In passing, though, the popular three-dimensional finite-difference USGS MODFLOW 
model (McDonald and Harbaugh, 1988) and the flexible two-dimensional finite-element 
AQUIFEM model (Townley and Wilson, 1980) are considered by the authors to be among 
the best. 

Variably Saturated Flow Modeling 

The use of variably saturated flow models enables one to avoid the problems of speci
fying ground water recharge rates or calculating recharge as distinct from the ground water 
system. Instead, the effective recharge at the ground surface is specified. The model then de
termines the movement of water in the unsaturated and saturated zones, including some or all 
of the aquifer of interest. This has the advantage that the internal spatial distribution of flux 
across the water table (i.e. recharge) is automatically determined by the model. Variably satu
rated flow models may be most useful when the temporal distribution of recharge is required, 
the unsaturated zone is of significant thickness, and there is significant ET demand in the shal
low (root) zone. Thick unsaturated zones often induce long lag times between application of 
precipitation at the surface and recharge at the water table. This effect cannot be captured by 
saturated flow models. 

Much of the original work in variably saturated flow modeling was motivated by agri
cultural and soil physics needs, but more recently the unsaturated zone has received attention 
in studies of potential nuclear waste repositories and landfill failure analysis. Since much of 
the original work in unsaturated flow originated in agricultural work, many models include 
well-developed algorithms for including plants and evapotranspiration as moisture sinks. 
However, the effective precipitation at the ground surface must still be estimated, considering 
the surface processes of interception, runoff, infiltration, etc. 

As with fully saturated section models, multi-dimensional variably saturated flow 
models produce a physically-based spatial distribution of recharge as a function of geology 
and topography. This is useful if a detailed understanding of recharge/discharge patterns is re
quired. Inverse methods applied to regional flow models and one-dimensional recharge mod
eling cannot produce this level of detail. 

A representative list of available public domain two-dimensional models follows: 

• VS2D (Lappala et al., 1987) and VS2DT (Healy, 1990) 
• UNSAT2 (Davis and Neuman, 1983) 
• SUTRA (Voss, 1984) 

Fully three-dimensional models are impractical for most problems, due to computa
tional and parameter demands. The nature of unsaturated flow is such that even the one- and 
two-dimensional models should only be used by those experienced in the computational and 
theoretical aspects of unsaturated flow. 
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Choosing a Method 

The most useful and general recommendation is to consider only those methods that 
address the important features in the problem under consideration. Anything less, and one is 
likely to obtain an inadequate model for estimating recharge. Anything more, and one is 
likely to expend scarce resources on a needlessly complex model. Furthermore, higher levels 
of complexity generally imply greater data requirements. It is difficult to justify a particular 
method ifthe supporting data is not available. For example, a transient three-dimensional 
variably saturated flow model is inappropriate if average annual regional recharge to a sand 
.and gravel aquifer is of interest. 

It is good practice to include a simple water balance analysis in any determination of 
recharge, even if more complicated methods are used. Water balance provides a check on the 
realism of results obtained by other methods. Part of basic water balance analysis is a deter
mination of ET. Several methods for estimating ET have already been mentioned in the 
"Water Balance Analysis" section. ET calculations are subject to great error, and care must 
be exercised when interpreting the results of whichever method is used. 

On a regional basis over large time scales the water balance method is probably suffi
cient. At smaller scales or for transient analysis, one of the other methods may be necessary. 
The other methods all have the drawback that they require higher degrees of sophistication 
and expertise on the part of the hydrologist. They also require significantly more data and . 
computing resources. Confident, knowledgeable use of the more advanced methods presup
poses experience as well as advanced study in theoretical and computational hydrology, as 
none of the methods are trouble-free. At a minimum, a basic understanding of the physical 
processes and hydrogeologic setting are required. 

If a numerical ground water model is being applied, then automated inverse methods 
should be considered. They constitute a systematic approach to the difficult task of calibrat
ing numerical flow models, and are useful for both transient and steady-state applications. 
The resultant recharge estimate is inherently consistent with the rest of the ground water 
model as well as the underlying conceptual model. Thus, automated inverse methods are also 
useful for evaluating the soundness of the conceptual model. Models so calibrated should be 
checked against hydrogeologic experience, suggested "rule of thumb" parameter values, and 
an independent water balance analysis. One weakness of currently available codes is that 
they only calibrate to heads or fluxes, and not specifically to horizontal or vertical gradients. 
Critical gradients should be checked carefully in models calibrated with automated methods. 
Recharge estimates from manual or automatic inverse methods are generally better if good in
dependent estimates of transmissivity are available. Then transmissivity can be taken as 
"known" in the inverse modeling. There is usually more difficulty in estimating transmissiv
ity than in estimating recharge rates. This is because transmissivity can easily vary over an or
der of magnitude while recharge is more tightly constrained. If automated methods are 
inappropri- ate, then trial-and-error can be used to estimate recharge by matching simulated 
heads and fluxes to available data. Examples are given later in this paper of trial-and-error 
and automated inverse methods for recharge estimation where the hydraulic conductivity dis
tribution was known with some degree of confidence. 
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An alternative to inverse modeling is to use one of the direct recharge calculation mod
els. For typical ground water applications in Maine, DPM is probably the best choice since it 
was developed for ground water applications and the vertical flow component has been 
shown to be adequate for humid climates (Thompson and Tyler, 1984). If the unsaturated 
zone processes are of special concern, if there is a specific agricultural aspect of the problem, 
or transient behavior at the field scale is a problem, then one-dimensional variably saturated 
flow models might be considered. Multi-dimensional variably saturated flow models such as 
VS2D and UNSAT2 can also be used for one-dimensional applications. Variably saturated 
flow models are most useful when strong seasonal recharge variation (e.g., due to distinct 
growing seasons) or transient flow is an important feature, or when the unsaturated zone is 
thick. Their use is questionable when these factors are unimportant. 

At local or small regional scales, indirect estimation with flow models may be useful 
for determining recharge. The chief advantage of multi-dimensional variably saturated flow 
models is that they produce a spatial distribution of recharge that is governed by the geology 
and topography in an integrated, physically based manner. When used in cross-section, these 
models are limited by their two-dimensional nature to a single flow path with no horizontal 
extent. Depending on the problem this may be acceptable. Along with automated inverse 
methods, these models may also be the most intimidating from theoretical, computational, 
and data requirement perspectives. Many of the variably saturated flow models include so
phisticated treatments of plants as moisture sinks, especially useful for modeling seasonal be
havior. 

If flow in the unsaturated zone is unimportant, indirect estimation using saturated flow 
models should be considered. They are considerably easier to use than variably saturated 
models and yield much of the same information. Whereas variably saturated flow models 
only make sense in transient and seasonal applications, fully saturated flow models using 
leaky boundaries can be used effectively under steady or transient conditions. Transient be
havior due to seasonal variation can often be modeled in a quasi-steady manner (i.e., model 
each season as a steady state, but vary the boundary conditions by season). 

WATER TABLE RESPONSE TO RECHARGE 

Before presenting ground water recharge rates for specific geologic terrains charac
teristic of Maine, it is useful to consider the general issue of water table response to recharge. 
The very notion of response implies some kind of transient behavior, as opposed to steady 
state conditions in which a long-term average water table position is of interest. Three prob
lems commonly appear when interpreting the response of a phreatic aquifer to recharge. 

Short-Term and Long-Term Specific Yield 

A common and simplistic way of calculating the response of a water table to an incre
ment of recharge is to divide the amount of recharge (units of length, [L]) by the specific 
yield. For example, one might assume that 0.25 inches of recharge on a phreatic aquifer with 
0.25 specific yield will cause a 1 inch rise in the water table. Specific yield is a time-depend
ent variable and it is usually not the same for a drying condition as it is for a wetting condi-
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tion during the transient state. A discussion of these aspects of unsaturated flow can be found 
in many textbooks, such as Bouwer (1978, pp. 29-31 ). 

Pumping test analyses of wells in unconfined stratified sand and gravel aquifers will 
often produce a calculated specific yield of about 0.05, although the commonly accepted text
book value for these materials would be about 0.25. Over a typical year on Maine sand and 
gravel aquifers, with alternating wetting and drying cycles, an average value of specific yield 
of 0.1 seems to provide the best calibrated fit to regional models. Here the times between ma
jor change in volumetric-water content of the unsaturated zone and water table changes is 
longer than the duration of a typical pumping test, but shorter than the time required for com
plete drainage to a new "equilibrium" condition in the volumetric-water content of the unsatu
rated zone above the water table. 

Lag Time between Recharge Application and Water Table Response 

The next problem in predicting water table change from a given recharge distribution 
relates to the time between application of recharge and the response of the water table change. 
This only becomes an issue in transient evaluations. In the case of simple lumped-parameter 
models, the response time can be calculated explicitly. Sangrey et al. (1984) suggest that 
water table response is a linear function of recharge on the basis of empirical evidence. The 
parameters of the relation can be estimated by standard linear regression. This approach is 
somewhat simplistic, and due to its empirical basis the parameters lack meaningful physical 
interpretation. 

Gelhar and Wilson (1974) used a simple water balance/linear reservoir conceptual 
model to study aquifer response to recharge. This same approach is used extensively in sur
face hydrology rainfall-runoff modeling (e.g. Dooge, 1973). In Gelhar and Wilson's applica
tion, the reservoir time constant (i.e. response time) is Tc= SL 2/3T, where Sis specific yield 
(dimensionless), L is the distance [units of length] from ground water divide to discharge 
zone, and T [units of length2/time] is the effective aquifer tr~smissivity. The response time 
Tc is the time required for the aquifer to complete 63% of the total change in storage induced 
by a step change in recharge. The value 63% is a consequence of the assumed linear reservoir 
conceptual model and the resultant exponential impulse response function. The time t* to 
reach an arbitrary degree of completion c* is t* = {-Tc ln( 1-c*)}, (O<c*<l ), so that time to 
95% completion is t95 = 3Tc = SL2/T. 

While these simple models may not be suitable for local site-specific applications, . . 
they are useful for developing a conceptual understanding of aquifer dynamics. For example, 
the response time of very large aquifers (such as the Raritan Formation in New Jersey) is 
much longer than those of small isolated New England glacial deposits. Most New England 
aquifers respond to seasonal changes in recharge pattern. Some are even small enough to re
spond to daily changes. However, large aquifers only respond to long-term geologic, cli
matic, and man- induced stresses. 
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Movement of Recharge Through the Unsaturated Zone 

A final problem in evaluating the response of the water table to recharge is calculating 
the time for precipitation recharge to move through an unsaturated zone. This is different 
from the response time discussed above which relates solely to specific yield, transmissivity 
and aquifer length scale, and not to unsaturated thickness above the aquifer. The time re
quired for flow through the unsaturated zone is small for most Maine aquifers. However, 
there are places in Maine, such as the sand and gravel aquifer near the McKin Chemical Su
perfund site in East Gray, where as much as 100 feet of unsaturated material overlies the aqui
fer. In order to simulate properly the response of the water table to recharge, a 
one-dimensional unsaturated flow model must be coupled to the saturated flow model. This 
had to be done, for example, in developing ground water management models for the Long Is
land, New York, aquifer (G. Pinder, personal communication., 1986). 

RECHARGE RATES IN MAINE SAND AND GRAVEL 

For sand and gravel aquifers, RGGI has identified a narrow range ofrecharge esti
mates based on results from modeling studies in Maine. Recharge values also exist for this 
soil type from Long Island, New York, and Cape Cod, Massachusetts, although recharge rates 
are somewhat less (16 to 18 inches per year according to Wilson, 1981) than for Maine. This 
difference is due to the higher average annual temperatures and therefore greater ET rates. Av
erage annual precipitation in these hydrogeologically similar locales is on the order of 45 
inches per year. 

Surface water runoff appears to be insignificant on sand and gravel aquifers. In south
ern and mid-coastal Maine, stream gage analysis indicates that ET accounts for about 35% to 
40% of average annual precipitation loss. It stands to reason, therefore, that in sand and 
gravel aquifers with no runoff that the remainder of the precipitation is ground water re
charge. Cervione et al. (1972) found that only 5% of total runoff from precipitation on Con
necticut stratified drift aquifers is surface runoff; the remainder is ground water discharge. 
Vechiolli and Miller (1973) concluded that surface water runoff was insignificant in the 
Ramapo River Valley aquifer, a stratified-drift valley fill aquifer in northern New Jersey. 

Recharge Estimates from Ground Water Models by Robert G. Gerber, Inc. 

RGGI (1984) calibrated a two-dimensional finite-element flow model of the outwash 
sands of the Branch Brook aquifer in Kennebunk and Wells to base flow of the brook as meas
ured at the Kennebunk, Kennebunkport & Wells Water District (KKWWD) pumping station. 
The best fit was obtained with an average annual recharge rate of 55% of precipitation. 

Similar recharge estimates resulted when RGGI (1987a) evaluated the long-term safe 
yield of the Estabrook and Stevens well field in a well-defined sand and gravel aquifer in 
North Yarmouth. This well field has a proven safe yield of 475 gpm. RGGI calibrated a one
dimensional model (Wilson, 1981) to this aquifer. When the pumping rate exceeds the safe 
yield, static water levels decline. Based on areal mapping of contributing area, the average an
nual recharge rate must be on the order of 60% to 65% of precipitation to produce this yield. 
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Recharge Estimates from Ground Water Models by U.S. Geological Survey 

Computer modeling studies by the U.S. Geological Survey have developed estimates 
of recharge rates on sand and gravel in valley-fill stratified drift and outwash glacial aquifers. 
Morrisey's (1983) study of the Little Androscoggin River valley gave a recharge estimate of 
45% of precipitation in water year 1981. Undoubtedly there were other soil types and urban
ized areas within this large study area that would tend to reduce the recharge rate estimate 
from a more representative range of 50% to 55% for pure sand and gravel. 

An important point in the Morrissey (1983) study is the necessity of adding the re
charge contribution from adjacent till-covered uplands to the edge of the stratified drift. 
Based on flow model calibration, he suggests that one can estimate lateral inflow across a 
given edge length of sand and gravel aquifer by taking 60% of the precipitation falling on the 
surface watershed above the edge of the sand and gravel aquifer. This lateral influx takes the 
form of ground water flow as well as surface runoff that subsequently infiltrates the sand and 
gravel. 

Tepper et al. (1990) developed a model of the Saco River Valley glacial aquifer be
tween Bartlett, New Hampshire and Fryeburg, Maine. They cite a recharge estimate of 24 
inches per year for stratified drift aquifers in the glaciated northeast United States, or approxi
mately half of total annual precipitation. They accepted this as a "known" value and did not 
calibrate their model by adjusting recharge. Average annual precipitation in the study area is 
approximately 44 inches per year. 

Recharge estimates from studies of other glaciated terrains in the northeast United 
States can also be used to make inferences for Maine sand and gravels. Vecchioli and Miller 
(1973) estimated long-term average annual recharge to the 4.5 square mile Ramapo River val
ley-fill stratified drift aquifer in northern New Jersey as 25 inches per year, with average an
nual precipitation of 45 inches per year. This estimate was based on water balance and 
assumed no significant surface runoff. Getzen (1977) cites a gross estimate of 23 inches per 
year recharge for Long Island, New York, as given by Cohen et al. (1968). He suggested that 
it is probably too high for the entire island, as it ignores several important factors, including 
spatial differences in precipitation, the distribution of morainal and outwash soils, thickness 
of the unsaturated zone, and local relief. He therefore developed a spatial distribution of aver
age annual recharge for his analog flow model of Long Island, with recharge ranging from 
16.9 inches per year to 21.7 inches per year. Average annual precipitation on Long Island is 
on the order of 45 inches per year. 

In a later modeling study of the Ramapo aquifer, Hill et al. (1992) calibrated a two- di
mensional MOD FLOW application by trial-and-error adjustment of recharge and several 
other parameters. They obtained acceptable fits to observed water levels and measured 
streamflow gains and losses with a range ofrecharge values, from 8.8 inches per year (0.002 
feet per day) to 19 inches per year (0.0042 feet per day), with a recommended compromise 
value of 12.4 inches per year (0.0032 feet per day). This apparently low value is due to the 
fact that they calibrated to seasonal low water level conditions on October 13, 1982, and is 
therefore not representative of long-term average annual recharge. This highlights the impor-
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· tance of using recharge estimates that are consistent with the available calibration data. If the 
goal is to estimate long-term average annual recharge, then the calibration data must reflect 
long-term average conditions, and not seasonal and/or other cyclical lows or highs. 

Seasonal Variation of Recharge and Drought 

Although average annual recharge values are used for long-term contaminant trans
port studies (where the time scale is on the order of tens of years or more), seasonally variable 
recharge values may be more appropriate for some studies. As part of the Branch Brook wa
tershed ground water model (RGGI, 1984), a detailed water balance was performed on data 
recorded during a one-year test period (10/81 to 10/82). The available data included monthly 
water levels from USGS-installed monitoring wells within the model area and partial stream 
gaging of the Branch Brook watershed (D'Amore, 1983). Average monthly rates derived 
from the RGGI (1984) Branch Brook study are summarized in Figure 1 for sand and gravel in 
south-coastal Maine. The range of values reported above for Hill et al. (1992) is consistent 
with the recommended September and October recharge values for Southern Maine in Figure 
1. 

Note the net removal of water indicated by Figure 1 in June, July, and August. This 
would only apply on those phreatic aquifers where the water table is close enough to ground 
surface to be affected by ET. The removal of water by ET is included in most ground water 
models, e.g., McDonald and Harbaugh (1988), Prickett and Lonnquist (1971), and Trescott et 
al. (1976). It is typically treated as a truncated linear depth function, such that ET is a maxi
mum when the water table is at the ground surface, and it decreases linearly to zero with the 
water table at a defined depth below ground surface below which ET ceases to function. The 
values in Figure 1 were derived from the trial-and-error inverse procedure of calibrating the 
Branch Brook aquifer model (RGGI, 1984) to measured water table fluctuations in a number 
ofUSGS monitoring wells spaced throughout the aquifer. Actual precipitation and calculated 
potential ET from measured meteorologic conditions were used to guide the calibration. The 
water table in much of the upper section of the aquifer is close to ground surface. 

The Branch Brook study also yielded insight into the effect of drought on ground 
water levels and discharge. The 1965 drought in the Branch Brook aquifer was simulated 
such that the minimum monthly flow in Branch Brook matched the recorded yield at the 
KKWWD pumping station. The estimated monthly recharge and ET values for that year are 
somewhat site-specific and also depend upon the choice of specific yield. Subject to these 
qualifications, it was observed that in severe drought years precipitation is only about 60% of 
average annual precipitation. It is reasonable, therefore, to simulate a severe drought by multi
plying average recharge rates by 60%. Surface water reference head values at first- and third
type boundaries should also be adjusted for drought. 

Figure 1 includes some recharge during the winter months of December, January and 
February. During this period most precipitation is in the form of snow. The snow does not 
actually recharge the aquifer until March and April when the recharge rates are much greater 
due to snow melt. Recharge will occur during winter when precipitation is in the form of rain 
or when average daily temperature is above freezing under forested watersheds (Gerber, 
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1978). The distribution of recharge throughout the year will shift as one goes from southern 
to northern Maine. As one goes further north, relatively more water is stored during the win
ter months in the snow pack. This snow pack water creates a larger spring recharge event that 
begins later and lasts longer. 

RECHARGE RATES IN SANDY GLACIAL TILL 

Sandy glacial till and diamicton is located on and in the down-glacier direction from 
granitic rock masses in Maine. The till commonly has from 15% to 25% passing a #200 sieve 
(in the silt and clay range) and has a typical hydraulic conductivity of 0.15 to 1.5 feet per day 
(ft/day). Morrissey (1983) used a hydrograph separation method to evaluate the baseflow 
from the Little Androscoggin River above South Paris. The watershed is covered primarily 
by a sandy till derived from granitic rock. Stream baseflow varies seasonally. When an "av
erage" baseflow figure is cited in the literature, it is an average of the values across the sea
sons. Morrissey (1983) found that for water year 1981, which had 39.4 inches of 
precipitation at West Paris, the till produced an average baseflow of 19% of precipitation or 
7.4 inches. This is interpreted as the ground water recharge rate of the sandy glacial till. 

During the period 1987 to 1989, a major geologic and hydrogeologic investigation 
was conducted in Township 30, Washington County, for a special waste landfill. This study 
generated useful data pertaining to recharge in glacial tills (RGGI et al., 1988). The site is 
situated on a granitic pluton, but metasedimentary rocks are located about 2 miles up-glacier. 
The fines content of the till and diamicton on the site was quite variable and ranged from 15% 
to 55%. Because of intermixing of some metasedimentary-derived sediments in .the till ma
trix, the geometric mean insitu horizontal hydraulic conductivity is about 0.1 feet per day in 
the upper 20 feet and 0.04 feet per day below 20 feet depth, which is slightly lower than a till 
derived from only granitic rock. However, hydraulic conductivity varied over a wide range 
and a uniform horizontal hydraulic conductivity of 0.2 feet per day was used to represent the 
till in the final model. 

A regional three-dimensional model was constructed using MODFLOW (McDonald 
and Harbaugh, 1988). This model was calibrated to 38 monitoring wells, including numerous 
clusters of wells measuring potentiometric levels at various depths. Forty-three in-situ perme
ability tests and 3 bedrock pumping tests provided information on hydraulic conductivity. The 
model was calibrated with a recharge rate of 5 inches per year applied over an area where till 
was prominent on the surface and 5.5 inches per year where ice disintegration deposits domi
nated. The recharge was applied uniformly over both recharge and discharge areas. 

The model calibration, although good (arithmetic mean of residuals of 0. 9 feet and 
mean absolute value ofresiduals of 4.9 feet), could have been improved by spatially distribut
ing recharge while maintaining an overall average for the model area of 5 or 5.5 inches per 
year. Nonetheless, most modeling studies use a uniform recharge because of the difficulties of 
determining the spatial distribution of recharge. 

Sensitivity analyses on the till and ice disintegration recharge rate using MODFLOW 
showed that multiplying the calibrated recharge by a factor of 1.5 caused an average poten-
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AVERAGE ANNUAL 
RECHARGE = 24.22 INCHES 
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MONTH 

Figure 1. Average monthly recharge rates on sand and gravel deposits in Southern Maine. 

tiometric head increase of 2.2 feet; multiplying calibrated recharge by a factor of 0.67 caused 
an average decrease of 1.5 feet in site area potentiometric heads. When all significant hydrau
lic parameters (such as till hydraulic conductivity) were varied one at a time by the same mul
tiplication factors, the change in recharge rate caused the greatest change in site heads. 

A final check on the recharge estimate was provided by measurements of vertical hy
draulic conductivity. The Township 30 landfill site is on a local recharge area. With the 
large number of measurements of ground water vertical gradients on the site, it was possible 
to estimate the effective vertical hydraulic conductivity of the diamicton, which is approxi
mately equal to the recharge rate divided by the average vertical gradient, or 0.04 feet per day. 

RECHARGE RATE OF FINE-GRAINED LODGMENT TILL 

If one knows the phreatic water table position and the hydraulic conductivities perti
nent to a geologic cross section along a flow line with known boundary conditions at each 
end, the technique of specifying constant heads on the phreatic surface should provide the cor
rect recharge into the section. Having a row of clustered multi-level piezometers on the sec
tion provides an important check on model calibration, particularly the hydraulic conductivity 
anisotropy which is one of the most sensitive parameters in cross section modeling. Large lo
cal fluxes can occur at sharp slope changes. In many field situations, a sharp change in slope 
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is often associated with a discharge point that is at least seasonal in nature. Many of the 
model-simulated fluxes are created by juxtaposition of two constant head nodes on a steep 
slope, which causes a "short-circuit". Examining the flux below the top row of elements 
eliminates misinterpretation of the i:echarge rate that reaches deeper soil and rock zones. 

Georgia-Pacific Landtlll Study 

An indirect method was used to estimate recharge to a thick silty glacial lodgment till 
at the Georgia-Pacific secure landfill site (RGGI, 1983). This site, a drumlin, is on the west 
bank of the St. Croix River and upstream of Woodland, Maine. A two-dimensional finite ele
ment model of the bedrock aquifer was applied to the regional flow system. A detailed finite
element cross section model was projected along an approximate flow line through the site. 
The models were calibrated with data from multi-level piezometers and insitu hydraulic con
ductivity measurements. The water table position in the cross section was known quite 
closely, and the stratigraphy and hydraulic conductivity of the till and bedrock units were 
well-documented. The phreatic surface in the model was fixed as a specified head boundary. 
With this boundary condition, the model calculated the flux into the till. 

This was an important exercise as it also illustrated how recharge rates vary with pro
portional distance between the ground water divide and the discharge area. The averaged re
charge rate over the soil cross section was 7.6% of precipitation (about 3.2 inches per year) 
but the localized rate was significantly higher (up to 25% of precipitation) on the top of the 
hill, then decreased in the downhill direction. These rates are taken as representative of soils 
with vertical hydraulic conductivities in the 0.015 to 0.0015 ft/day range with 35% to 60% 
passing a #200 sieve. 

To extend the cross section results to the local plan-view two-dimensional model, the 
slope was divided into sections running parallel to ground surface contours, then an average 
recharge rate was applied in the slope sections within the same general slope position as calcu
lated from the cross-section model. Of course, near the bottom of the slope, recharge rate 
drops to zero and discharge begins in streams and wetland areas. These discharge areas 
should be treated as a discharge point in the plan-view modeling, but not necessarily as con
stant head boundaries, since the streams and wetlands are not usually fully penetrating. Meth
ods for simulating these 3rd-type Cauchy boundary conditions are given in most standard 
modeling references, e.g. Townley and Wilson (1980), McDonald and Harbaugh (1988), and 
Anderson and Woessner (1992). 

Bald Mountain Hydrologic Study 

A recent detailed hydrologic study for the Bald Mountain area of Aroostook County 
by (Fontaine, 1989a & 1989b) provides a baseflow analysis for watersheds comprised of shal
low bedrock and thick, fine-grained glacial till. The till has 35% to 55% passing a #200 sieve 
and is derived from basic to intermediate volcanic rocks and graphitic shales. Insitu hydraulic 
conductivity values were typically in the range of 0.03 to 0.2 feet per day. Fontaine (1989a) 
calibrated a rainfall-runoff model (PRMS, Leavesley et al., 1983) to the Bald Mountain data 
by automatically varying recharge and other parameters. In addition to detailed meteorologic 
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Table 1: Annual Water Balance of Fine-grained Till in Northern Maine 

Water Balance Component Volume EQuivalent Percentage of Observed 

Observed Precipitation (P) 
Interception (INT) 
Net Precipitation (PNET) 

Potential ET (PET) 

Actual ET (ET) 

Observed total runoff (ORO) 

Water Balance Error (ERRl) 

Predicted total runoff (PRO) 
Surface runoff (SAS) 
Subsurface flow (RAS) 
Ground water flow (BAS) 

Runoff mass balance err (ERR2) 

Ground water reservoir 
inflow (RCH) 

Ground water flow 
out of system (SNK) 

Water Balance Relations: 

P=ET+ INT+ ORO+ ERRl 
ERRl=PNET-ET-ORO 
PRO = SAS + RAS + BAS 
RCH = BAS + SNK (SNK < 0: 

44.00 inches 
2.08 inches 

41. 92 inches 

21.28 inches 

13.81 inches 

28.06 inches 

0.05 inches 

28.82 inches . 
3.99 inches 

17.75 inches 
7.08 inches 

-0. 76 inches 

6.43 inches 

-0.65 inches 

PNET=P-INT 
ERR2 = ORO - PRO 

water into system) 

Reference: Table 15, Fontaine (1989a, p. 33) 

Precipitation 

100.0% 
4.7% 

95.3% 

48.4% 

31.4% 

63.8% 

0.1% 

65.5% 
9.1% 

40.3% 
16.1% 

-1.7% 

14.6% 

-1.5% 

and water quality measurements, detailed stream gaging was done on two forested watersheds 
with areas of 1. 73 and 1.15 square miles, respectively. The PRMS calculates the various com
ponents of the catchment water balance as shown on Table 1. Neither Fontaine (1989a), nor 
this paper goes into detail on the fundamental topic of hillslope hydrology. However, one 
should consult a text such as Kirkby (1978) to gain an appreciation for the complexity of 
water movement from precipitation falling on the land to its final destination. 
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Figure 2. Annual water balance of fine-grained till in Northern Maine. 

Fontaine (1989a) simulated the water year 1983 water balance with PRMS as given in 
Table 1. The same data is depicted graphically in Figure 2 (small discrepancies between per
centages in Table 1 and Figure 2 are due to residual errors in the simulation). ET is a smaller 
percentage of precipitation than in the southern sections of Maine. The largest component of 
stream flow is the contribution from "subsurface flow" ("RAS" in Table 1 ), which is the shal
low ground water flow taking place within a few feet of the ground surface. It is often a 
perched ground water table in the A- and B-horizons of the soil. 

The ground water recharge rates discussed in this paper correspond to "ground water 
reservoir inflow", or "RCH", in Table 1. The deep ground water reservoir is below the zone 
of soil development and "subsurface flow". Twenty-seven percent of the Bald Mountain 
Brook watershed consists of steep slopes with thin soils, so the "ground water reservoir in
flow" component, 6.43 inches per year, reflects a composite of both thick and thin till ter
rains. Simulated baseflow ("BAS"), or ground water discharge to surface water, is the sum of 
precipitation recharge to the ground water reservoir and any ground water exchanged directly 
with an external ground water system ("SNK" ). Fontaine estimated a small (0.65 inches per 
year) net exogenous input to the ground water reservoir, for a baseflow of 7.08 inches. 

Baseflow as estimated for Bald Mountain, 7.08 inches per year, is only slightly less 
than the estimated baseflow contribution for sandy till in Morrissey (1983) of 7.4 inches per 
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year (19% of precipitation). These data suggest that there is only a minor difference in re
charge potential among the tills at this site and those in the Little Androscoggin Valley and at 
the Township 30 landfill site. This finding is consistent with the similar ~ill hydraulic conduc
tivities at Bald Mountain and the Township 30 landfill site. Contrast this with the horizontal 
hydraulic conductivity of the Georgia-Pacific landfill site in Woodland, 0.0085 feet per day in 
the unweathered zone. Recall that in Woodland average recharge was estimated as 7.6% of 
annual precipitation, or 3.2 inches per year. 

RECHARGE RATE TO GLACIOMARINE CLAY-SILT 

The Presumpscot Formation clay-silt covers a large portion of the state of Maine 
(Thompson and Borns, 1985). It acts as an aquitard for bedrock and sand and gravel aquifers. 
It lies at the base of many of Maine's wetlands. It protects the ground water under the large 
commercial landfill in Norridgewock, Maine. The facility was formerly known as the Con
solidated Waste Services (CWS) landfill, and is. now called the WMDSM Crossroads Land
fill. A knowledge of how much recharge moves downward into the soft "gray clay" zone is 
critical to contaminant dilution calculations and to ground water travel time computations. 
RGGI has developed recharge estimates for this ground water system by indirect calculation 
(1985) and manual and automatic inverse methods (1987b and 1993, respectively), i.e. cali
brating by recharge to observed heads. 

The Presumpscot Formation clay-silt is typically composed of about 10 feet of desic
cated brown or olive clay-silt overlying a softer "blue" or gray clay-silt. The desiccated zone 
is fissured into a subangular blocky pattern, more dense and closely spaced at the ground sur
face and diminishing with depth. The softer gray clay lies below the position of the perma
nent water table. Because the fissured clay acts like a double porosity medium, ground water 
can rise rapidly in the fissures and is often at or near the ground surface in the spring. The hy
draulic conductivity of the fissured zone is determined by the fissure pattern and can be about 
50 times greater than in the unfissured gray clay. 

The Crossroads landfill site has been studied extensively over the years by RGGI. Ex
haustive hydrogeology studies and associated three-dimensional ground water model applica
tions have been documented (RGGI, 1985, 1987, 1993). One of the most difficult parameters 
to estimate was the recharge rate of the clay-silt. Extensive data on the distribution and hy
draulic conductivity of the clay-silt, underlying sandy till and bedrock was assembled. There 
were many clusters of multi-level piezometers throughout the site. Hydraulic conductivities 
were measured by numerous variable head tests in the piezometer clusters and several pump
ing tests in the bedrock. 

The initial approach to modeling the site (RGGI, 1985) assumed that hydraulic con
ductivity and all other physical parameters of each of the 5 layers in the three-dimensional 
model were known. Recharge was treated as the only unknown and it was estimated indi
rectly by fixing constant heads in the top layer of the model, based on the known position of 
the phreatic surface. The model output gave the fluxes through the bottom of each model 
cell. This treatment is analogous to the fixing of the phreatic surface in the Georgia-Pacific 
cross section model described earlier, only at Crossroads Landfill (formerly CWS) the model 

43 



Gerber and Hebson 

was fully three dimensional. This approach indicated that an average recharge of 12.1 inches 
per year (29% of precipitation) entered the fissured clay, which was the top layer of the 
model. At Bald Mountain watershed in 1983 (Fontaine, 1989a), 24.1 inches of precipitation 
per year entered the silty till. Most of this recharge was presumably retained as shallow 
ground water flow. 

The model was revisited in 1987 (RGGI, 1987). The hydraulic conductivities of the 
clay-silt, till, and rock were kriged according to hydrogeologic unit. The gridded data were 
used to develop spatially variable conductivity inputs for MODFLOW. Most of the constant 
head cells were removed from the model and instead direct recharge was applied to the 
model. The model was calibrated by trial-and-error, adjusting recharge until a good fit to ob
served water levels was obtained. Vertical hydraulic conductivity was also varied during this 
inverse procedure. After re-calibration of the three-dimensional model, it was determined 
that only 1.9 inches per year of precipitation (4.6%) moved down into the soft gray clay. This 
would be approximately equivalent to the mass flux vertically downward through a soil with 
a vertical hydraulic conductivity of 5 10-4 feet per day. This seems reasonable since the clay
silt hydraulic conductivities range from 3 10-5 to 3 10-3 feet per day, which is considerably 
lower than the values in the Bald Mountain till (horizontal Kh = 0.045 - 0.91 feet per day, ver
tical Kz = 0.5Kh, deep recharge 6.4 inches per year), and just slightly lower than the values in 
the till at the Georgia-Pacific landfill where deep precipitation recharge in the till (Kh = 8.5 
10-3 feet per day, Kz = 1.4 10-3 feet per day) was 3 .2 inches per year. 

Further revision of the model was reported in 1993 (RGGI, 1993). The grid was ex
panded and recharge was estimated using the MODINV (Doherty, 1990) regression package 
for automatic estimation ofMODFLOW parameters. The model was calibrated by fixing the 
hydraulic conductivity and varying the recharge. Considerable data on hydraulic conductivity 
were available: a total of 160 falling head tests, including 32 located in the bedrock, were 
available for estimation of hydraulic conductivity. Five bedrock pumping tests were also per
formed. Consequently, conductivity could be assumed known with some confidence. The 
computer program MOD INV was used to perform the calibration by parameter optimization, 
which consisted of varying the recharge to minimize the RMSE head residual. Head observa
tions from 201 individual piezometers comprised the calibration data set. There were two re
charge zones: one representing areas with clay controlling the recharge, and the other 
representing areas with till controlling the recharge. 

The calibrated recharge values derived using the optimization procedure were 0.53 
inches per year (1.2 % of precipitation) for the clay zone, and 2.2 inches per year (5% of pre-. 
cipitation) for the till zone. These are total recharge values. Some of the recharge remains in 
the shallow flow zone and discharges locally through internal drainages, instead of passing 
through the gray clay to till and bedrock. The clay recharge is equivalent to the mass flux ver
tically downward through a soil with a vertical hydraulic conductivity of 1.2 10-4 feet per day 
(4.3 10-8 cm/sec). This agrees with the field hydraulic conductivity tests results, where the 
vertical hydraulic conductivity of the gray clay was also calculated to be 1.2 10-4 feet per 
day. These results are consistent with the 1987 results and are a refinement of that work. 
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A check on this work was provided by analysis using tritium age dating of water sam
ples from the gray clay. To the authors' knowledge, this is the first application of age dating 
of ground water in Maine for the specific purpose of estimating recharge and vertical flux in 
overburden. Due to the lab method used (direct liquid scintillation counting), the data were 
not very precise(+/- 8 TU). The best results suggest a maximum recharge rate through the 
gray clay of 0.24 inches per year, assuming a porosity of 0.40. This value represents the por
tion of recharge that actually passes through the gray clay, and is therefore less than the total 
recharge value estimated by inverse modeling for the clay zone. This value is undoubtedly 
subject to some variation over the site, and also must be qualified by the fact that the precipita
tion tritium input function was developed using data from Ottawa, Canada. That said, the esti
mate is remarkably consistent with the results of automatic flow model calibration. 

BEDROCK AQUIFER RECHARGE RATES 

A more difficult problem is to estimate the rate of recharge to bedrock aquifers. Ex
cept for areas where bedrock is exposed at ground surface, all precipitation has to travel first 
through soil before penetrating into minute cracks in the bedrock surface. The relief of the 
land and the location of the point of interest with respect to ground water divides and dis
charge areas control the bedrock recharge rate. The thickness and effective vertical hydraulic 

Table 2: Average Recharge Rates to Maine Bedrock 

Project LQQatiQn Rock Type/ Typical Transmissivity R~Qharg~* 
Rock Name (ft2/day) 

McKin Chemical Gray Sebago Pluton 100 7% 
Sewage lagoons Jackman granite 40 4% 
Aeration lagoons Woodland Cookson Formation 0.1to142 10% 

(metasandstone) 
and granite 

Industrial Woodland Cookson Formation 42 5% 
landfill 

Commercial Norridgewock Sangerville 150NE 1-4% 
landfill Formation to 50NW 

Leaking Friendship granite 15 ENE 13% 
gas tanks to 1.5 NNW 

CZM study Portland metamorphic 43 NE 7.4-8.5% 
Islands to 4.3 NW 

Seawater St. George granite 0.6 to 200 10% 
intrusion 

Seawater York Kittery Formation 75 to 400 5% 
intrusion (quartzite) 

* expressed as a percentage of total average annual precipitation 
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conductivity of the soils are very important. Finally, the difference between the potentiomet
ric surface in the bedrock versus the overlying soil aquifer controls the recharge/discharge 
rate. Local recharge rates can vary greatly depending upon all of these parameters. Neverthe
less, some basic areally-averaged estimates that may be of use to hydrogeologists have been 
derived from detailed computer modeling studies performed by RGGI. These studies have in
volved three types of models: 

• vertical cross section models along known or assumed flow paths in the bedrock 
aquifers; 

• two-dimensional bedrock aquifer models that include the overlying soil as an "adja
cent aquifer" with defined thicknesses, vertical hydraulic conductivities, and 
known water table positions; 

• fully three-dimensional models. 

In all of these studies model verification in the form of at least some bedrock water po
tentiometric surface data was available. In other cases pumping test data and/or insitu hydrau
lic conductivity tests were used to calibrate models by adjusting recharge. In all cases, field 
mapping of the density and orientation of bedrock fractures was performed. 
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Table 2 summarizes information from bedrock modeling studies by RGGL In all 
cases, the results did not rely on a need to estimate the recharge rate to the soil, though other 
measured or estimated soil parameters were used (vertical hydraulic conductivity, soil thick
ness, and water table elevation in the soil). The sites listed on Table 2 with the lowest leakage 
factors (vertical hydraulic conductivity divided by thickness) in the overlying saturated soils 
generally have the lowest recharge rates. However, the site with one of the smallest recharge 
rates is the York site where there is almost no soil and therefore, no medium to hold water 
long enough for it to seep into cracks in the rock surface. In the York study (RGGI, 1988), a 
seawater intrusion model (Bear and Verruijt, 1987) was used which gave good agreement 
with historical saltwater intrusion in bedrock wells. The St. George model was also calibrated 
with many wells and much fracture data. The AQUIFEM model (Townley and Wilson, 
1980) was used in that study, with the overlying soil treated as an adjacent leaky aquifer. The 
Friendship and Norridgewock models were calibrated partially through the use of pllinping 
tests. 

Although computer models are useful and indeed necessary to study bedrock recharge 
patterns in detail, the general recharge estimates given in Table 2 are probably representative 
of the range that exists in most Maine bedrock aquifers. Initial estimates for screening calcu
lations and simple analytical models can be drawn from this compilation. 

ADDITIONAL RESEARCH NEEDED 

The modeling work by RGGI and the USGS has been time-consuming and costly, yet 
knowledge of effective recharge rates for many types of Maine geologic terrain is still incom
plete. Additional detailed studies are needed on various surficial units to develop a broader re
charge data base. One source of information might be other private-sector model applications 
that were unavailable to the authors. More detailed USGS water balance studies such as Fon
taine (1989a,b) are needed on small watersheds of homogeneous surficial geology. To the 
authors' knowledge, the tritium dating at the Crossroads Landfill is the only age dating to 
have been performed in Maine for the specific purpose of estimating recharge. Age dating 
studies on different surficial units where downward gradients can be demonstrated are an im
portant check on other estimation methods. More work is also needed on differentiating the 
change in recharge rate from ground water divide to discharge point. The seasonal variations 
in recharge for geologic units other than high water table sand and gravel aquifers need study. 
Finally, Maine-specific studies of hillslope hydrology are needed to analyze the division of 
water flow among the various types of flow within a slope. This would be particularly useful 
to the study of nitrate contamination from subsurface septic systems which are placed in the 
upper soil horizons. 

SUMMARY 

Ground water recharge rates cannot be measured directly through observation, and 
therefore it must be modeled in some fashion. Various methods of estimating ground water 
recharge have been reviewed. Examples have been presented of how these methods have 
been used in Maine to estimate ground water recharge at specific sites on different homogene
ous geologic terrains. It is reasonable to believe that similar terrains within Maine have simi-
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Ground water recharge rates cannot be measured directly through observation, and 
therefore it must be modeled in some fashion. Various methods of estimating ground water 
recharge have been reviewed. Examples have been presented of how these methods have 
been used in Maine to estimate ground water recharge at specific sites on different homogene
ous geologic terrains. It is reasonable to believe that similar terrains within Maine have simi
lar average annual recharge rates over large areas. Inverse and indirect modeling approaches 
are useful tools for estimating the distribution of recharge, but the models demand a good 
knowledge of hydraulic conductivity distribution, stratigraphic data, and bedrock fracture 
flow information. The detailed water balance studies coupled with models such as the USGS 
PRMS also offer promise, but are costly in terms of field data and data reduction require
ments. Areas for investigation that would benefit all hydrogeologists have been suggested. 

Studies with modest hydrogeologic budgets will not be able to estimate recharge inde
pendently. Therefore, recommendations for averaged annual recharge rates for the most com
mon geologic terrains found in Maine are given in Figure 3. Some error will be involved in 
applying these uniformly over large regions, but the judicious use of 3rd-type boundary condi
tions can provide avenues of ground water discharge where appropriate. With some care, the 
monthly recharge rate distribution given in Figure 1 can also be adapted to other geologic ter
rains. Severe droughts can be approximated by applying 60% of the average annual recharge 
rates. In the absence of better data, enough information on the variables involved has been 
presented so that an informed hydrogeologist can adapt these estimates to most situations. 
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Abstract 

Background water-quality data collected from wells in stratified drift as part of the statewide significant 
sand and gravel aquifer mapping program are grouped by major drainage basin for comparison. Median values 
of selected background water-quality parameters vary systematically between major drainage basins in Maine. 
There is a systematic decrease in selected mean parameter values (conductivity, alkalinity, sulfate, calcium, and 
hardness) for major drainage basins from north to south. This decrease correlates extremely well with the per
centage of the basin that is underlain by "weakly metamorphosed" bedrock. We interpret this variation in mean 
background water quality to be primarily a function of the mean solubility and/or cation exchange capacity of the 
stratified drift in the aquifer, which is in turn controlled by the metamorphic grade of the underlying bedrock in 
the basin. We are aware that numerous other factors may influence water quality, but suggest that these factors 
(pH, temperature, residence time) are minor relative to the composition of the aquifer material which is controlled 
primarily by basin bedrock geology and metamorphic grade. More comprehensive evaluation of these data (as 
well as additional data) is necessary to fully understand the relationship between background water quality and 
basin geology, metamorphic grade, and other factors. 

Introduction and Purpose 

Since 1981, the Maine Geological Survey has been systematically characterizing the 
significant sand and gravel aquifers throughout the state of Maine. This program is a coopera
tive effort with the U.S. Geological Survey and the Maine Department of Environmental Pro
tection. It was initiated to meet the demand for more accurate, complete, and current 
hydrogeologic information regarding sand and gravel aquifers in densely populated and rap
idly developing areas and subsequently has been extended throughout the state (Figure 1; Tol
man and others, 1982; Tepper and others, 1985; Williams and others, 1987; Adamik and 
others, 1987; Weddle and others, 1988; Locke and others, 1989; OF 92-2, Neil and others, 
1992; OF 95-3, Nichols and others, 1995; and OF 95-37, Foster and others, 1995; and unpub
lisahed data). 

Older-series 1 :50,000 scale aquifer maps are comprised of up to nine 7.5-minute topo
graphic maps which have been reduced to a scale of 1 :50,000. Newer maps are published on 
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II Pre-1981 sand and gravel aquifer series 

1989 -Significant sand and gravel ~fer field season 

lJnshOOOO and unlabeled quOOI'angles have not been mwed. 

0 25 50 75 100 miles • 0 50 100 150 kilcm:ler.; 

Figure 1. Location of study areas for the significant aquifers project. 

1;24,000 scale U.S. Geological Survey topographic maps. While these formats are conven
ient for public use, aquifer study areas have been arbitrarily defined by quadrangle boundaries 
and do not necessarily coincide with hydrogeologic boundaries. In the reports cited above, 
data presented as background water quality in the studies has been grouped together without 
regard to hydrogeologic boundaries, and does not reflect drainage basin or distinct aquifer 
ground water quality. This paper will examine the background water-quality data from the 
sand and gravel aquifer mapping program grouped by drainage basins as mapped by the U.S. 
Geological Survey (1974) (Figure 2). Each major and secondary drainage basin in Figure 2 
has is assigned a 4-digit or 8-digit code (hydrologic unit code, or HUC) respectively by the 
USGS. The principal emphasis of this paper is on the 6 major drainage basins in the state. 
These basins are listed below: 

Drainage Basin U.S. Geolo£?:ical Survev HUC Code 

St. John/ Aroostook River Basin 0101 

Penobscot River Basin 0102 

Kennebec River Basin 0103 

AndroscovPin River Basin 0104 

Eastern and Central Coastal Maine 0105 

Saco River and Southern Coastal Maine 0106 
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0101 U.S.G.S. hydrologic unit code 

fv1Yor drainage divide 

- - - - - - - - Minor drainage divide 

Sand and gravel observation Vtell 

0 25 50 75 100 miles • 0 50 100 150 kikmms 

Figure 2. Major and secondary drainage basins and sand and gravel observation wells. Solid 
line - major drainage divides; dashed lines - secondary drainage divides; crosses - sand and 
gravel observation wells. 

The Eastern and Central Boastal Basins, and Southern Coastal Basins are a number of 
separate medium to small drainage basins that discharge directly into the Gulf of Maine. 

Procedures for Well Construction, Water-quality Sampling, and Analysis 

The background water quality for each field area has been determined by installation 
and sampling of wells placed in the stratified drift. Wells were drilled with a 6-inch hollow
stem auger and cased with 2-inch-diameter, schedule-40 PVC (polyvinyl chloride) pipe. PVC 
screens of various slot dimension appropriate to the overburden were set at selected depths. 
All casing couples were joined with 3/8-inch zinc-plated sheet metal screws or by threaded 
couplings. Casing and screen were placed inside the hollow-stem auger, and the boring was 
allowed to collapse around the casing as the drill stem was withdrawn. Bentonite powder was 
backfilled from 1 foot below ground surface to the ground surface to prevent water from infil-
trating directly around the casing. · 

Water was bailed from the observation well immediately after casing installation to 
aid in development. All wells were developed 2 to 3 weeks later by surging and pumping 
with compressed air, using the well casing as an air-lift pump shaft, and removing at least 10 
well volumes of water from each well. 

Wells were sampled for background water quality several weeks to several months af
ter development. To ensure that water samples were representative of the geochemical envi-
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ronment, observation wells were pumped or bailed until the pH, temperature, and specific con
ductance measurements were stabilized and at least three well volumes of water were re
moved. Unfiltered samples for nitrate, chloride, sulfate, and total organic carbon analyses 
were collected in plastic containers rinsed three times with sample water. Samples for dis
solved metals analyses also were collected in rinsed plastic containers. These samples were 
filtered and then acidified with nitric acid. All samples were kept on ice and delivered to the 
Maine Department of Environmental Protection laboratory within 48-hours after collection 
where they were analyzed. Since 1987, samples have been analyzed by U.S. Geological Sur
vey water-quality laboratories. Metals were analyzed by atomic-absorption spectro
photometry. Chloride was analyzed by the Argentometric method (Standard Method 408A, 
American Public Health Association and others, 1985), nitrate-nitrite and sulfate by an auto
mated Technicon method, and total organic carbon by a combustion-tube infrared technique 
(Standard Method 505, American Public Health Association and others, 1985). 

Specific details regarding the study results of the different field areas and wells in
stalled in this program can be found in published Maine Geological Survey open-file reports 
(OF83-1, Tolman and others, 1982; OF85-82, Tepper and others, 1985; OF87-1, Williams 
and others, 1987; OF87-24, Adamik and others, 1987; OF88-7, Weddle and others, 1988; 
OF89-1, Locke and others, 1989; OF 92-2, Neil and others, 1992; OF 95-3, Nichols and oth
ers, 1995; and.OF 95-37, Foster and others, 1995, and unpublished data). 

Results 

The locations of the wells sampled are shown in Figure 2. Results of the water-qual
ity data grouped by drainage basin are tabulated in Appendix A. For wells drilled prior to 
1988, the well number corresponds to the aquifer map number and the well number on that 
map (e.g., well 77-4 is on aquifer map 77 and data for the well can be found in the report 
which includes aquifer map 77). For later wells, the well number corresponds to the year the 
well was drilleld and the well number (e.g., 88-4 is observation well 4 drilled in 1988). Data 
for the well (including the USGS quadrangle where the well is located) can be found in the re
port for the appropriate field season. Wells with names (such as LINCOLN) were sampled 
and analyzed as part of the study, but were not installed during the mapping program. These 
wells include public water supply wells in Bowdoinham, Sabattus, Gardiner, Strong, Lincoln, 
Millinocket, Fort Fairfield, Washburn, Fort Kent, and the Augusta Fish Hatchery spring. 
Data for all parameters and chemical constituents are ties are reported in standard metric units 
(see Appendix A for these units and a key to abbreviations used in the appendix). 
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Figure 3 is a box plot of all parameters and chemical constituents listed in Appendix A 
for all wells sampled in the significant aquifer program. The central line in each box is the 
median value (50th ~ercentile) for the sampled wells. The upper and lower edges of the box 
are drawn at the 75t and 25tli percentile respectively. The upper and lower horizontal lines 
are drawn at the 90th and 10th percentiles repsectively, and the individual sample points repre
sent exteme values greater than the 901h percentile or less tha the 1 oth percentile. The number 
of wells sampled for a particular parameter or constituent is shown along the upper x-axis. A 
log10 axis was chosen for the y-axis because the data for most parameters and chemical con
stituents are strongly skewed towards higher values and generally do not follow a Gaussian or 
normal distribution. This is shown in the histogram of Ca concentrations (Figure 4), which, 
for a linear x-axis, shows a peak in values at approximately 10 mg/L, but a number of ex
treme values greater than 50 mg/L. The roughly equal distribution of samples about the me
dian on Figure 3 (using a log10 x-axis) suggests that many of the constituents and chemical 
parameters are approximately log-normally distributed. 

Discussion 

The median values and ranges of selected chemical and physical parameters in Figure 
3 show a pronounced and consistent variation between major drainage basins. Values for spe
cific conductance, hardness, alkalinity, calcium, magnesium, sulfate, and bicarbonate consis
tently decrease from north to south (Figures 5, 6, and 7). The highest parameter values are 
found in the St. John/ Aroostook River basin (HUC 0101 ), with progressively decreasing val
ues found in the Penobscot River basin (HUC 0102), the Kennebec River basin (HUC 0103), 
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Figure 4. Histogram of Ca concentrations for all wells sampled in the significant aquifer pro
gram. 
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Figure 5. Box plots of specific conductance, hardness, and alkalinity for observation wells in 
each major drainage basin and for all wells sampled during the significant aquifer program. 
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Figure 6. Box plots of calcium, magnesium and sodium for observation wells in each major 
drainage basin and for all wells sampled during the significant aquifer program. 
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Figure 7. Box plots of sulfate, chloride, and bicarbonate for observation wells in each major 
drainage basin and for all wells sampled during the significant aquifer program. 
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and for all wells sampled during the significant aquifer program. th 

e Androscoggin River basin (HUC 0104), the eastern and central coastal basins (HUC 0105), 
and the Saco River basin (HUC 0106), respectively. 

The data for N03-N contrasts with the other parameters,. major cations and major ani
ons (Figure 8). Median values for all basins except the St. John/Aroostook River basin are on 
the order of 0 .1 milligrams per liter; the median value for the St. John/ Aroostook River basin 
is approximately 1.0 milligrams per liter - 10 times higher. We attribute this increase to the 
long history of agricultural activity dominating the economy of the eastern portion of Aroos
took County where the gravel aquifers have been mapped and water quality sampled. We be
lieve that ambient nitrate levels in water from stratified drift aquifers have been raised by this 
prolonged application of fertilizers. 

Inspection of Figures 3, 5, 6, and 7 and the data in Appendix A shows that there is sig
nificant variation in the parameters listed above within each major drainage basin as well as · · 
the variation in the median values and ranges between the major drainage basins. Despite this 
variation within each drainage basin, an analysis of variance on the ranks of the chemical data 
shows that there are statistically significant differences for these parameters between drain
age basins. For example, for Ca, the distribution of concentrations in the St. John and Aroos
took River basins differs significantly from the distributions in all other basins; the 
distribution of concentrations in the Penobscot River basin differs significantly from the distri
bution in the Saco River and Southern Coastal Maine basins; and, the distribution of concen-
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Figure 9. Major and secondary drainage basins and metamorphic zones. Metamorphic zones 
from Osberg and others, 1985. 

trations in the Kennebec River basin differs significantly from distributions in the Eastern and 
Central Coastal Maine basins and Saco River and Southern Coastal Maine basins. 

This consistent, decreasing variation for selected chemical parameters between major 
drainage basins is striking. A summary of water quality data for mapped sand and gravel 
aquifers from combined previous studies in southern Maine ( 1981-1985 study areas) was com
pared with the data from northeastern Aroostook County ( 1986 study area) in Locke and oth
ers (1989; study areas shown in Figure 1 ). A similar difference between the northeastern 
Maine data and the southern Maine data for many of the chemical constituents and parameters 
noted above was attributed primarily to differences in bedrock lithology. Calcareous mud
stone and limestone are a prominent bedrock lithology in northeastern Maine, while crystal
line rocks of generally low carbonate content underlie much of the study areas in southern 
Maine. 

At the completion of the 1987 through 1993 field seasons, additional water quality 
data from central and western Maine became available (Figures 1, 2). These data allow com
parison of the background water quality among all the major drainage basins in the state. The 
variations noted in Locke and others ( 1989) can be extended to the basins in the central por
tion of the state. With this more complete data set, it is not clear that bedrock lithology alone 
can explain the north-to-south variations in water quality between drainage basins, especially 
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between those basins where bedrock lithologies are not significantly different from one an
other (for example, the Penobscot and Kennebec river basins). 

A geologic feature which does vary from north to south in Maine, however, is meta
morphic grade (Figure 9). Figure 10 is a plot of median values of the parameters specific con
ductance, hardness, and alkalinity and of the concentrations of calcium, magnesium, sulfate, 
and bicarbonate for each major drainage basin versus the percent of each basin that is under
lain by "weakly metamorphosed" bedrock. "Weakly metamorphosed" in this case is taken 
from the Generalized Map of Metamorphic Facies in Osberg and others (1985), and corre
sponds roughly to sub-greenschist grade. A best fit regression line for each parameter and 
concentration is also shown on Figure 10. The correlations between the chemical constitu
ents and parameters and the percent of "weakly metamorphosed" bedrock in each basin are 
good, with values ofr2 ranging from 0.83 to 0.99 and values ofp ranging from 0.041 and 
0.00008. Values of p less than 0.05 indicate a greater than 95-percent probability that the ob
served correlation is not due to chance alone. 

In general, then, drainage basins underlain by abundant low-grade metamorphic rocks 
have higher values of a number of chemical and physical parameters measured in background 
water quality than do basins underlain by abundant high-grade metamorphic rocks and felsic 
plutons. Conductivity shows the widest range in absolute values, and has been shown to be 
st~ongly correlated with total dissolved solids in surface water and ground water (Hem, 1985). 
From this we can infer that the total dissolved solids in ground water from stratified drift aqui
fers in Maine is similarly strongly correlated with the metamorphic grade of the bedrock un-
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Figure 10. Scatterplots of median values of specific conductance, hardness, and alkalinity 
and calcium, magnesium, sulfate, and bicarbonate versus percent of each basin underlain by 
"weakly metamorphosed" bedrock, best fit linear regression lines, and values of r2 and p for 
each regression. 
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derlying the basin. This trend can be seen in the limited total dissolved solids data collected 
in the later years of the program. 

We interpret the variation in water quality (and the inferred variation in total dissolved 
solids) to be primarily a function of the mean solubility of the stratified drift in each basin. 
Water quality is a complex function of a number of parameters, including the mineral assem
blage in the aquifer, pH and Eh of the recharge to the aquifer, temperature, and residence 
time. However, the correlations observed in Figure 10 suggest that for sand and gravel aqui
fers in Maine, the metamorphic grade of the bedrock lithology in the basin is a principal con
trol on the average background water quality. While drift from all basins will contain 
principally quartz and feldspar, the drift in basins underlain by dominantly low grade meta
morphic rock will contain soluble mineral species (carbonates) or mineral species (such as 
clays) that can contribute significant quantities of cations to ground water through ion ex
change. Increasing metamorphic grade will reduce the volume of these minerals in the bed
rock (for example, reactions involving the conversion of carbonates to calc-silicates, chlorite 
to biotite and ultimately amphibole, or kaolinite to muscovite and ultimately quartz and alkali 
feldspar). Quoting from Hem (1985, pg. 201): 

"Water from such formations [gneiss and schist] generally can be expected to be low in solute con
centrations and to resemble more closely the water from igneous terranes than the water from the sedi
ments as they existed before being metamorphosed." 

A number of studies indicate that the composition of drift reflects local bedrock lithol
ogy and metamorphic grade. Till lithology tends to reflect the local bedrock lithology from 
which it is derived (Flint, 1971; Legget, 1976). Trefethen and Trefethen (1944) and Van 
Beever (1971) show that lithologies in eskers in Maine are representative of adjacent till and 
local bedrock lithologies. In eskers in Canada, Bolduc and others (1987) show that cobble li
thologies are influenced by local bedrock lithology, and that tributary eskers can influence li
thology of major esker systems for short distances down-esker. For outwash and other 
coarse-grained stratified drift deposits, most debris transported from ice margins is trans
ported by fluvial processes reworking till and glacial debris (Evenson and Clinch, 1987), and 
should reflect the dominant provenance of these materials within the major drainage basin~ 
Consequently, ice-contact stratified drift will also reflect the local bedrock lithology. As a re
sult, the metamorphic grade of the drift material will be similar to the metamorphic grade of 
the bedrock in the basin. A factor that serves to minimize the mixing of lithologies with vary
ing metamorphic grade is that the metamorphic isograds trend roughly northwest-southeast 
throughout much of the State, essentially parallel to the dominant glacial transport direction 
(Figure 9). 

If this relationship between average background water quality and metamorphic grade 
of the bedrock (and consequently the stratified drift) of the basin does hold, we can draw two 
additional conclusions regarding the nature of the sand and gravel aquifer systems in Maine. 

First, the residence time of ground water in Maine's larger stratified drift aquifers is 
roughly constant and/or relatively short. This is due to the geometry of the bulk of sand and 
gravel deposits in Maine. Many aquifers are comprised of valley fill deposits, which are typi
cally very narrow with respect to their length and are frequently cut by large rivers or streams 
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which are discharge zones. A large component of the recharge to sand and gravel aquifers is 
from direct infiltration of precipitation, which will have a short flow path until discharge or in
terception by a monitoring well. If the residence time varied significantly in the stratified 
drift aquifers, the correlation with bedrock geology and metamorphic grade would not be as 
striking as observed. Varying degrees of chemical evolution towards a common chemistry in 
all basins would blur the differences between basins. 

Second, there is very little contribution of ground water from the underlying bedrock 
to ground water in sand and gravel aquifers. With the possible exception of the carbonate ter
rane of northeastern Aroostook County, as ground water residence times increase (as they 
would in the bedrock flow system), water quality in the major drainage basins should become 
similar. Rogers (1989) compared ground water geochemistry of stratified drift and bedrock 
aquifers in New England and found that the principal weathering reactions operating in the 
drift aquifers are the same as those in the bedrock system, but that ground water in the drift is 
less evolved geochemically. 

Conclusions 

When water quality data collected from wells in stratified drift as part of the statewide 
significant sand and gravel aquifer mapping program are grouped by major drainage basin, 
the following observations can be made: 

1) When compared by major drainage basin, median values of selected background 
water quality chemical constituents and parameters vary systematically between major drain
age basins in Maine. 

2) There is a systematic decrease in selected median chemical constituents and pa
rameter values (specific conductance, hardness, alkalinity, calcium, magnesium, sulfate, and 
bicarbonate) for major drainage basins from north to south. This decrease correlates well 
with the percentage of the basin that is underlain by "weakly metamorphosed" bedrock. 

3) We interpret this variation in average background water quality to be a function of 
the mean solubility and/or cation exchange capacity of the stratified drift in the aquifer, which 
is in tum controlled in large part by the metamorphic grade of the underlying bedrock in the 
basin. 

4) We are aware that numerous other factors may influence water quality, but suggest 
that these factors (pH, temperature, residence time) are minor compared to the composition of 
the aquifer material which is controlled primarily by basin bedrock geology and metamorphic 
grade. 

5) More comprehensive evaluation of these data (as well as additional data) is neces
sary to fully understand the relationship between background water quality and basin geol
ogy, metamorphic grade, and other factors. 
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Appendix A: Water Quality Analyses 
from the Significant Gravel Aquifers Program 

Abbreviations and units used in Appendix A are given at the end of the tables. 
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Weddle and Loiselle - Background Water Quality in Significant Sand and Gravel Aquifers in Maine 

St. John and Aroostook River Basins (HUC 01010001) 

Well ID Year COND pH TEMP HARD Ca Mg Na K C03-z HC03-l ALK S04-2 cr1 F Si02 IDS N03-N p Fe Mn TOC 

75-1 1986 195 6.6 8.5 67 19.0 4.8 7.8 3.20 na na na 13.0 4.5 na na na 1.50 na 0.050 0.780 17.0 

75-2 1986 110 6.2 10.5 38 10.0 3.1 4.1 0.36 na na 41.0 7.0 <0.5 na na na 0.02 na 4.200 0.850 7.0 

76-1 1986 270 6.2 7.0 110 34.0 7.2 3.6 0.63 na na 72.0 30.0 15.0 na na na 4.00 na 0.070 0.120 1.0 

76-2 1986 345 7.4 7.5 130 39.0 9.1 13.0 0.73 na na na 16.0 <0.5 na na na 0.06 na 0.200 0.370 15.0 

77-1 1986 390 6.7 7.5 180 63.0 6.6 7.8 0.77 na na 170.0 40.0 20.0 na na na 1.90 na <0.030 0.230 10.0 

Fort 
1987 250 7.5 7.5 240 85.0 5.6 4.3 1.20 202.0 15.0 8.7 0.95 <0.030 0.570 <1.0 Fairfield na na na na na na 

77-2 1986 320 7.2 7.0 160 59.0 3.0 2.7 1.40 na na na 17.0 4.0 na na na 2.50 na <0.030 0.130 8.0 

77-3 1986 150 6.4 6.5 70 26.0 1.3 1.4 1.10 na na 67.0 7.0 <0.5 na na na 0.03 na 0.040 0.170 5.2 

77-4 1986 465 7.4 6.0 240 67.0 18.0 3.9 1.10 na na 202.0 54.0 10.0 na na na 0.49 na <0.030 0.340 2.2 

Church 
1987 200 7.0 7.0 260 83.0 12.0 7.1 1.30 100.0 33.0 16.0 1.80 <0.030 0.076 9.0 Street na na na na na na 

Hilt Street 1987 210 6.9 7.0 240 78.0 11.0 3.6 0.40 na na 178.0 35.0 10.0 na na na 5.30 na <.030 <0.005 2.0 

84-1 1986 290 8.0 7.5 110 36.0 5.5 29.0 0.41 na na 125.0 34.0 11.0 na na na 5.12 na 0.430 0.120 40.0 

Fort Kent 1987 150 5.8 6.5 66 23.0 2.2 3.6 0.80 na na 57.0 8.9 5.5 na na na 0.40 na 3.200 0.320 2.0 

84-2 1986 530 6.2 6.5 84 28.0 3.5 8.1 1.00 na na 197.0 5.0 9.0 na na na 0.12 na 42.000 0.770 62.0 

85-1 1986 370 7.7 7.0 180 58.0 7.9 11.0 2.90 na na na 34.0 17.0 na na na 5.10 na 0.050 0.290 4.0 

92-10 1992 336 7.7 10.5 170 65.0 2.1 3.1 1.40 0.0 187.0 152.0 12.0 5.6 <0.1 6.7 187 2.34 na 0.013 0.020 4.2 

92-17 1992 250 7.2 10.5 110 41.0 2.3 4.2 1.10 0.0 131.0 106.0 7.0 7.6 <0.1 8.7 138 <0.20 na 0.034 2.700 6.8 

92-18 1992 328 7.7 7.5 170 63.0 3.6 2.2 0.60 0.0 197.0 160.0 6.6 3.9 <0.1 8.6 185 <0.20 na 0.290 0.032 1.1 

92-19 1992 225 8.1 10.0 110 42.0 1.3 1.4 0.50 0.0 116.0 95.0 7.9 4.3 <0.1 4.4 119 2.68 na 0.004 0.011 0.4 

92-23 1992 248 7.9 7.5 120 42.0 4.3 2.0 0.70 0.0 133.0 109.0 13.0 0.8 <0.1 8.6 137 0.96 na 0.016 0.003 0.6 

92-4 1992 284 6.7 7.0 150 55.0 3.2 3.4 1.90 0.0 179.0 145.0 8.8 5.3 <0.1 5.3 175 na na 2.300 3.100 5.2 

92-5 1992 252 7.2 9.5 120 43.0 1.9 5.0 0.60 0.0 131.0 106.0 7.6 7.8 <0.1 5.7 135 0.52 na 0.078 0.036 1.2 

92-6 1992 245 7.6 11.5 110 40.0 2.2 7.0 1.50 0.0 138.0 112.0 10.0 6.8 0.2 12.0 149 <0.20 na 0.660 1.400 1.5 

92-7 1992 247 8.0 7.0 120 42.0 3.8 1.8 0.90 0.0 136.0 112.0 9.0 2.4 <0.1 6.2 133 <0.20 na 0.120 0.005 0.5 

92-8 1992 162 8.1 13.5 86 30.0 2.8 2.0 1.10 0.0 88.0 72.0 5.6 0.6 0.1 9.5 96 na na 1.000 0.160 0.5 

Number 25 25 25 25 25 25 25 25 10 10 21 25 22 2 10 10 23 0 25 25 25 

Minimum 110 5.8 6.0 38 10.0 1.3 1.4 3.20 0.0 88.0 41.0 5.0 <0.5 0.1 4.4 96 0.02 - 0.004 0.003 0.4 

Maximum 530 8.1 13.5 260 85.0 18.0 29.0 0.36 0.0 197.0 202.0 54.0 20.0 0.2 12.0 187 5.30 - 42.0 3.10 62.0 

Mean 273 7.2 8.2 137 46.8 5.1 5.7 1.10 0.0 143.6 122.9 17.5 7.1 - 7.6 145 1.57 - 2.19 0.50 8.3 

Standard Deviation 98 0.7 1.9 60 20.0 4.0 5.7 0.70 0.0 33.9 48.8 13.5 5.6 - 2.3 133 1.78 - 8.36 0.80 13.9 

Median 250 7.2 7.5 120 42.0 3.6 3.9 1.00 0.0 134.5 112.0 12.0 7.2 - 7.7 138 0.95 - 0.05 0.17 4.0 

25th-percentile 208 6.7 7.0 104 33.0 2.3 2.6 2.58 0.0 131.0 89.3 7.5 3.5 - 5.7 133 0.10 - 0.02 0.04 1.1 

75th _percentile 330 7.7 9.6 173 63.0 6.8 7.3 7.27 0.00 179.0 162.5 30.8 10.0 - 8.7 175 2.46 - 0.49 0.62 8.3 
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Weddle and Loiselle - Background Water Quality in Significant Sand and Gravel Aquifers in Maine 

Penobscot River Basin (HUC 01010002) 

Well ID Year COND pH TEMP HARD Ca Mg Na K C03-2 HC03-l ALK 504-2 cr1 F Si02 TDS N03-N p Fe Mn roe 
88-2 1988 94 7.2 6.0 40 13.0 1.8 2.3 2.00 0.0 52.0 42.0 5.3 1.8 <0.1 9.7 62 <0.10 0.03 0.084 0.070 2.8 

88-3 1988 247 7.5 9.0 120 42.0 3.0 3.5 1.40 0.0 143.0 117.0 6.9 2.1 <0.1 9.5 137 1.00 0.02 0.014 0.018 0.7 

88-4 1988 94 7.2 6.0 41 13.0 2.0 4.4 0.70 0.0 52.0 43.0 5.5 2.4 <0.1 8.2 63 <0.10 0.73 0.150 0.041 1.6 

88-5 1988 308 8.0 7.0 130 35.0 10.0 12.0 3.00 0.0 139.0 114.0 27.0 11.0 0.2 9.7 177 <0.10 0.03 0.120 0.580 3.8 

88-6 1988 121 7.0 7.0 31 9.3 1.9 8.6 1.30 0.0 23.0 19.0 4.8 19.0 <0.1 12.0 70 <0.10 0.46 0.031 0.012 na 

88-7 1988 132 7.7 7.0 52 15.0 3.5 4.7 1.60 0.0 61.0 50.0 6.6 3.8 <0.1 12.0 78 <0.10 0.02 0.007 0.008 0.7 

88-8 1988 176 7.2 7.0 63 19.0 3.7 5.7 1.30 0.0 93.0 76.0 7.2 4.3 0.2 13.0 105 <0.10 0.75 0.190 4.600 5.4 

88-9 1988 72 9.2 8.0 28 9.1 1.4 2.5 0.70 4.0 26.0 28.0 5.9 0.7 <0.1 14.0 51 0.10 0.01 0.042 <0.001 0.9 

Lincoln 1988 186 8.5 6.5 81 27.0 3.4 5.0 1.20 2.0 91.0 78.0 8.0 3.6 <0.1 12.0 108 1.30 <0.01 0.013 0.010 1.4 

88-10 1988 92 7.0 7.0 39 12.0 2.1 5.3 1.10 0.0 52.0 43.0 3.3 1.0 0.3 16.0 67 <0.10 0.48 0.089 0.390 1.8 

88-12 1988 na 7.2 6.5 100 32.0 5.9 2.9 0.50 na na na 12.0 0.9 <0.1 9.5 126 0.30 0.80 0.320 1.100 6.1 

East 
1988 74 6.7 6.0 30 9.8 1.4 2.3 0.50 0.0 33.0 27 6.2 1.0 <0.1 9.8 48 0.05 0.01 0.039 0.004 1.1 Millinocket 

88-13 1988 310 7.6 6.0 150 44.0 9.8 8.8 0.80 0.0 183.0 150.0 13.0 0.8 <0.1 7.6 176 <0.10 0.41 0.042 1.300 1.8 

88-14 1988 94 7.4 6.5 47 16.0 1.7 2.4 0.50 0.0 52.0 43.0 5.1 0.7 <0.1 11.0 64 0.20 0.04 0.043 0.017 0.9 

88-15 1988 246 6.6 6.0 43 11.0 3.7 32.0 1.90 0.0 14.0 11.0 7.5 67.0 <0.1 16.0 147 0.20 0.32 0.110 0.220 1.8 

88-16 1988 64 6.5 9.0 15 4.6 0.8 2.6 0.70 0.0 24.0 20.0 11.0 1.3 0.3 15.0 57 <0.10 0.14 7.900 0.380 2.1 

90-11 1990 25 6.4 8.0 10 2.8 0.1 1.4 0.70 0.0 4,0.0 33.0 1.8 1.2 0.1 11.0 26 0.10 0.13 0.060 0.019 0.6 

90-12 1990 115 6.7 6.5 60 19.0 3.0 2.2 0.50 0.0 63.0 52.0 6.7 3.2 0.1 8.6 77 0.60 0.03 0.012 0.007 0.8 

90-13 1990 251 6.8 9.0 110 33.0 5.7 6.0 1.70 0.0 84.0 69.0 10.0 15.0 0.1 15.0 128 7.30 0.23 0.015 0.027 0.7 

90-14 1990 151 6.7 16.5 61 20.0 2.6 2.6 1.00 0.0 147.0 120.0 5.0 5.2 0.1 8.2 82 0.10 0.60 0.034 0.040 na 

90-15 1990 76 6.6 7.0 33 8.3 2.9 2.0 1.00 0.0 54.0 44.0 4.0 1.7 0.1 16.0 63 0.10 0.86 2.800 1.200 1.8 

90-16 1990 54 6.3 8.0 16 4.4 1.2 4.2 0.70 0.0 65.0 53.0 4.0 7.7 0.1 5.6 36 0.10 0.06 0.035 0.820 1.3 

92-1 1992 198 6.6 8.5 83 28.0 3.1 1.9 0.40 0.0 125.0 102.0 <0.1 0.5 <0.1 15.0 na <0.20 na 7.400 1.100 3.9 

92-11 1992 171 7.5 10.0 84 30.0 2.3 1.4 0.60 0.0 99.0 81.0 6.4 1.5 0.1 7.3 98 0.22 na 0.062 0.015 0.8 

92-12 1992 142 6.9 8.0 67 24.0 1.7 2.0 1.30 0.0 n.o 60.0 11.0 0.4 <0.1 8.0 85 <0.20 na 0.220 0.059 3.9 

92-13 1992 151 .6.8 7.5 73 26.0 2.0 1.6 0.50 0.0 95.0 77.0 3.8 0.7 <0.1 9.6 92 <0.20 na 0.810 1.100 3.0 

92-14 1992 252 7.7 7.5 120 42.0 3.0 5.6 1.50 0.0 151.0 123.0 9.1 1.2 <0.1 8.3 144 <0.20 na 0.024 0.013 1.1 

92-15 1992 135 7.9 7.5 57 20.0 1.6 4.1 0.70 0.0 65.0 54.0 4.0 6.2 0.1 11.0 80 0.37 na 0.025 0.015 0.5 

92-16 1992 151 7.0 10.0 54 18.0 2.2 2.5 0.50 0.0 91.0 75.0 4.1 2.4 <0.1 13.0 98 <0.20 na 9.300 1.400 2.8 

92-2 1992 130 7.1 12.0 56 18.0 2.7 6.4 0.30 0.0 80.0 65.0 6.8 5.0 <0.1 16.0 98 <0.20 na 2.300 1.100 1.7 

92-20 1992 161 8.3 6.5 75 24.0 3.7 2.3 0.80 0.0 85.0 69.0 12.0 0.9 0.1 8.5 94 <0.20 na 0.023 0.058 0.9 

92-21 1992 240 7.1 10.0 98 32.0 4.3 2.4 1.70 0.0 149.0 121.0 3.3 1.6 <0.1 8.6 136 0.21 na 0.170 9.800 3.8 

92-22 1992 39 6.1 10.5 15 4.6 0.9 1.5 0.30 0.0 16.0 14.0 3.6 0.8 <0.1 8.0 28 0.31 na 0.043 0.007 1.1 

92-3 1992 117 7.7 7.0 51 17.0 2.1 2.5 1.40 0.0 61.0 57.0 4.7 1.7 0.1 10.0 74 <0.20 na 0.018 0.098 0.5 
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Weddle and Loiselle - Background Water Quality in Significant Sand and Gravel Aquifers in Maine 

Penobscot River Basin (HUC 01010002) (continued) 

Well ID Year COND pH TEMP HARD Ca Mg Na K C03-2 HC03-l ALK 504-2 cr1 F Si02 TDS N03-N p Fe Mn TOC 

92-9 1992 132 6.5 8.5 33 9.7 2.1 2.6 0.40 0.0 56.0 47.0 15.0 3.9 <0.1 9.9 88 <0.20 na 13.000 3.400 2.1 

93-10 1993 67 6.6 7.5 21 4.2 2.6 2.5 1.50 0.0 30.0 25.0 5.6 1.3 <0.1 9.1 42 <0.20 0.02 na na 1.2 

93-11 1993 98 6.9 6.5 35 8.0 3.6 3.6 1.80 0.0 32.0 26.0 5.3 6.4 <0.1 14.0 63 0.91 0.02 na na 0.6 

93-12 1993 198 7.0 8.0 35 7.9 3.6 23.0 2.10 0.0 39.0 32.0 5.0 31.0 <0.1 13.0 107 0.49 0.61 na na 0.7 

93-13 1993 176 6.5 8.0 31 8.3 2.4 37.0 2.20 0.0 30.0 25.0 6.7 58.0 <0.1 20.0 156 1.33 0.13 na na 0.4 

93-14 1993 24 5.8 7.5 7 2.0 0.4 1.2 0.40 0.0 5.0 4.0 2.9 1.2 <0.1 5.9 17 <0.20 0.03 na na 1.7 

93-15 1993 45 6.3 9.5 15 3.7 1.3 2.0 1.10 0.0 23.0 19.0 2.3 0.8 <0.1 16.0 39 <0.20 0.03 na na 1.3 

93-3 1993 72 6.6 8.5 26 8.7 1.1 2.6 0.50 0.0 38.0 31.0 0.8 1.4 0.3 14.0 48 <0.20 0.41 na na 4.7 

93-6 1993 46 6.9 9.0 17 5.6 0.8 1.7 0.60 0.0 23.0 19.0 1.8 1.1 <0.1 10.0 33 <0.20 0.02 na na 0.3 

93-7 1993 90 7.9 7.0 36 12.0 1.4 2.1 0.50 0.0 40.0 33.0 2.0 3.9 0.1 6.8 49 <0.20 0.04 na na na 

93-8 1993 56 6.8 7.5 17 5.3 1.0 3.0 1.00 0.0 23.0 19.0 2.2 2.7 0.1 12.0 39 <0.20 0.04 na na 0.5 

94-10 1994 26 6.3 9.5 8 2.4 0.5 1.0 0.30 0.0 8.0 na 2.8 0.7 <0.1 7.3 19 na na <0.003 0.021 na 

94-3 1994 152 7.2 6.0 74 25.0 2.8 2.7 0.40 0.0 90.0 na 4.1 0.3 <0.1 9.5 90 na na 0.065 0.560 na 

94-4 1994 128 6.7 6.5 54 17.0 2.9 2.9 0.80 0.0 52.0 na 5.5 9.9 <0.1 12.0 81 na na 2.400 1.300 na 

94-5 1994 60 6.1 8.5 20 5.1 1.8 2.5 0.40 0.0 29.0 na 2.5 1.9 <0.1 16.0 47 na na 0.990 1.100 na 

94-8 1994 59 6.6 11.0 25 7.1 1.8 60.0 0.40 0.0 27.0 na 4.7 0.8 <0.1 9.2 97 na na 0.065 0.008 na 

94-9 1994 131 8.2 8.5 55 15.0 4.2 2.8 1.20 0.0 67.0 na 6.9 0.8 <0.1 12.0 76 na na 0.017 0.170 na 

FWB 1994 54 6.2 8.0 20 5.4 1.5 2.3 0.90 0.0 23.0 na 3.2 0.8 <0.1 13.0 40 na na <0.003 <0.001 na 

Number 51 52 52 52 52 52 52 52 51 51 44 52 52 52 52 51 45 32 42 42 42 

Minimum 24 5.8 6.0 7 2.0 0.07 1.0 0.30 0.0 5.0 4.0 <0.1 0.3 0.1 5.6 17 <0.10 0.01 <0.003 <0.001 0.3 

Maximum 310 9.2 16.5 150 44.0 10.0 60.0 3.00 4.0 183.0 150.0 27.0 67.0 0.3 20.0 177 7.3 0.86 13.0 9.80 6.1 

Mean 127 7.0 8.0 51 16.1 2.6 6.0 0.99 0.1 63.0 54.8 6.1 5.9 0.1 11.2 81 0.39 0.23 1.17 0.77 1.8 

Standard Deviation 73 0.7 1.8 34 11.2 1.9 10.3 0.60 0.6 42.6 35.6 4.4 12.7 0.1 3.2 40 1.10 0.28 2.86 170 1.4 

Median 121 6.9 7.5 42 13.0 2.2 2.6 0.80 0.0 52.0 45.5 5.2 1.7 <0.1 10.5 77 0.10 0.05 0.06 0.06 1.3 

25th-percentile 68 6.6 6.8 26 7.5 1.5 2.3 0.50 0.0 29.3 26.5 3.5 0.9 <0.1 8.6 48 0.10 0.03 0.02 0.02 0.7 

75th-percentile 169 7.5 8.8 70 24.0 3.3 4.9 1.35 0.0 88.8 75.5 6.9 4.1 0.1 13.5 98 0.21 0.44 0.22 1.10 2.1 
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Weddle and Loiselle - Background Water Quality in Significant Sand and Gravel Aquifers in Maine 

Kennebec River Basin (HUC 01010003) 

Well ID Year COND pH TEMP HARD Ca Mg Na K C03-2 HC03-l ALK 504-2 cr1 F 5i02 TD5 N03-N p Fe Mn TOC 

16-12 1982 72 6.9 10.0 30 10.0 1.3 2.2 2.40 na na 13.0 <5.0 2.0 na na na 0.17 na 0.030 0.017 <1.0 

17-2 1982 58 6.8 8.0 27 9.0 1.0 1.9 1.50 na na 13.0 7.0 1.0 na na na 0.03 na <0.020 0.061 2.0 

52 1982 65 7.5 8.5 40 14.0 1.2 3.3 1.10 na na 18.0 <5.0 5.0 na na na na na 0.140 0.012 na 

W3 1982 205 7.3 9.0 76 23.0 4.5 7.8 3.10 na na 31.0 15.0 12.0 na na na 5.00 na <0.030 0.120 na 

30-4 1984 190 7.3 12.1 96 33.0 3.2 2.6 2.90 na na 79.0 3.8 2.4 na na na 0.01 na <0.030 0.440 3.0 

30-5 1984 234 7.9 9.3 109 27.0 10.0 9.0 2.30 na na 97.0 7.3 2.0 na na na 0.03 na <0.030 0.100 <1.0 

30-6 1984 183 8.6 8.8 87 20.0 9.0 5.4 2.10 na na 79.0 6.8 3.6 na na na 0.04 na <0.030 0.030 2.0 

30-7 1984 347 7.6 10.4 158 45.0 11.0 15.0 3.20 na na 150.0 49.0 1.0 na na na 0.04 na <0.030 0.140 <1.0 

31-4 1984 28 6.4 8.5 8 2.2 0.6 1.3 0.50 na na 5.0 <3.0 1.0 na na na <0.01 na 0.160 0.190 <1.0 

31-6 1984 132 7.2 7.4 52 15.0 3.4 4.9 2.10 na na 49.0 6.4 4.4 na na na 0.33 na <0.030 <0.005 <1.0 

31-7 1984 84 6.8 9.0 36 12.0 1.4 1.6 1.50 na na 37.0 3.2 0.5 na na na 0.21 na <0.030 0.440 <1.0 

32-13 1982 73 6.8 11.0 26 9.0 0.9 3.5 2.20 na na 6.0 <5.0 8.5 na na na 0.05 na 0.050 0.038 <1.0 

32-15 1982 108 6.0 7.5 35 9.0 3.0 6.2 1.20 na na 14.0 9.0 5.0 na na na <0.01 na 0.760 0.540 <1.0 

W4 1982 70 6.3 9.0 22 7.0 1.1 3.7 0.90 na na 8.0 5.0 4.5 na na na 0.13 na 0.040 0.018 <1.0 

87-9 1989 54 6.2 7.5 45 13.0 3.1 13.0 2.40 0.0 20.0 16.0 3.0 0.9 0.1 15.0 93 <0.10 1.10 0.033 0.270 5.3 

89-10 1989 55 8.6 7.0 24 7.1 1.4 1.2 1.50 0.0 33.0 27.0 <1.0 0.2 <0.1 9.5 38 <0.10 0.58 0.014 0.011 na 

89-11 1989 64 8.2 7.0 26 7.9 1.6 1.4 1.80 0.0 38.0 31.0 <1.0 0.3 <0.1 12.0 46 <0.10 0.94 0.018 0.210 2.1 

89-12 1989 137 7.7 6.0 50 13.0 4.3 3.1 1.80 0.0 64.0 52.0 5.0 6.7 <0.1 15.0 81 0.40 0.06 0.012 0.012 1.1 

89-13 1989 103 6.7 9.5 34 8.5 3.1 4.3 1.90 0.0 38.0 31.0 5.0 9.1 <0.1 9.3 62 0.20 1.40 1.000 2.100 7.5 

89-14 1989 90 7.0 9.0 29 6.2 3.2 6.3 1.60 0.0 43.0 35.0 6.0 6.6 0.2 12.0 83 0.10 17.00 0.590 0.200 7.0 

89-17 1989 59 6.6 8.5 19 5.4 1.4 3.3 1.40 0.0 19.0 16.0 10.0 0.6 <0.1 16.0 48 0.30 0.05 0.007 0.160 1.8 

90-1 1990 75 7.1 7.5 30 7.6 2.6 3.1 2.10 0.0 53.0 44.0 5.5 1.2 0.1 14.0 57 0.20 1.60 2.100 0.150 0.9 

90-10 1990 111 8.8 8.0 48 13.0 3.7 3.3 1.40 20.0 36.0 62.0 3.3 0.4 0.1 10.0 72 0.10 0.18 0.910 0.055 1.6 

90-17 1990 208 6.4 9.5 81 23.0 5.7 7.4 1.30 0.0 60.0 49.0 11.0 24.0 0.1 10.0 114 1.70 0.56 0.400 0.380 1.7 

90-18 1990 51 6.4 7.5 12 3.3 0.9 1.6 0.50 0.0 24.0 20.0 6.7 1.1 0.1 11.0 37 0.10 0.03 3.700 1.400 2.0 

90-2 1990 171 7.6 8.0 61 17.0 4.6 2.8 2.40 0.0 uo.o 90.0 7.6 1.9 0.1 16.0 107 0.10 0.52 2.100 0.240 2.3 

90-3 1990 215 8.1 7.5 96 28.0 6.3 5.9 2.20 0.0 94.0 77.0 15.0 16.0 0.1 6.6 123 0.20 0.11 0.160 0.480 5.0 

90-4 1990 105 6.4 8.0 26 7.2 2.0 9.7 1.80 0.0 30.0 25.0 6.4 12.0 0.1 16.0 71 0.20 0.01 0.028 0.110 0.8 

90-5 1990 78 7.3 8.0 37 11.0 2.3 1.9 1.70 0.0 56.0 46.0 2.7 1.3 0.1 11.0 58 0.10 0.04 0.300 0.047 5.0 

90-6 1990 181 8.1 8.0 74 22.0 4.7 3.3 2.60 0.0 60.0 49.0 11.0 17.0 0.2 8.9 100 2.10 0.07 0.053 0.063 0.8 

90-7 1990 315 7.9 8.5 150 38.0 14.0 3.7 2.70 0.0 112.0 92.0 45.0 14.0 0.1 11.0 185 2.00 0.13 0.016 0.370 2.8 

90-8 1990 153 6.4 10.5 46 14.0 2.6 7.6 2.80 0.0 50.0 41.0 9.5 14.0 0.1 8.3 88 2.20 0.29 0.160 0.380 1.0 

90-9 1990 63 7.3 9.5 28 8.3 1.7 2.0 1.10 0.0 36.0 30.0 5.9 1.6 0.2 8.0 47 0.10 0.41 0.460 0.190 2.0 

94-1 1994 40 5.6 7.5 11 2.9 1.0 2.3 0.70 0.0 13.0 na 5.4 1.3 <0.1 11.0 34 na na 1.200 0.630 na 

94-2 1994 180 8.2 7.5 88 29.0 3.7 1.8 0.40 0.0 93.0 na 9.5 0.7 <0.1 9.5 101 na na 0.018 0.010 na 
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Weddle and Loiselle - Background Water Quality in Significant Sand and Gravel Aquifers in Maine 

Kennebec River Basin (HUC 01010003) (continued) 

Well ID Year COND pH TEMP HARD Ca Mg Na K C03-2 HC03-l ALK 504-2 cr1 F Si02 TDS N03-N p Fe Mn roe 
GVWD 1994 86 6.7 7.0 40 11.0 3.0 1.4 0.50 0.0 43.0 na 4.8 0.9 <0.1 12.0 55 na na 0.580 0.043 na 

T-NR 1994 61 5.9 10.0 21 6.7 1.1 2.0 0.10 0.0 15.0 na 3.0 7.7 <0.1 5.3 34 na na 0.006 <0.001 na 

TF 1994 50 6.2 7.0 19 5.3 1.5 1.9 0.10 0.0 21.0 na 4.7 0.3 <0.1 9.9 36 na na 0.008 0.001 na 

Number 38 38 38 38 38 38 38 38 24 24 33 38 38 24 24 24 32 19 38 38 30 

Minimum 28 5.6 6.0 8 2.2 0.6 1.2 0.10 0.0 13.0 5.0 <1.0 0.2 <0.10 5.3 34 <0.01 0.01 0.006 <0.001 0.8 

Maximum 347 8.8 12.1 158 45.0 14.0 15.0 3.20 20.0 112.0 150.0 49.0 24.0 0.20 16.00 185 5.00 17.00 3.70 2.10 7.5 

Mean 119 7.1 8.5 50 14.3 3.4 4.3 1.688 0.8 48.4 43.4 8.1 5.1 0.09 11.2 74 0.51 1.32 0.40 0.25 2.1 

Standard Deviation 76 0.8 1.3 36 10.1 3.0 3.3 0.83 4.1 28.8 32.5 9.9 5.8 0.04 3.0 36 1.04 3.83 0.76 0.40 2.0 

Median 88 7.1 8.3 37 11.0 2.8 3.3 1.75 0.0 40.5 35.0 5.7 2.0 0.10 11.0 67 0.10 0.29 0.04 0.13 0.46 

25th-percentile 63 6.4 7.5 26 7.2 1.4 1.9 1.10 0.0 27.0 17.5 3.2 1.0 <0.10 9.4 47 0.05 0.06 0.02 0.03 0.37 

75th-percentile 180 7.7 9.3 74 20.0 4.3 5.9 2.30 0.0 60.0 54.5 9.0 7.7 0.10 13.0 97 0.26 0.85 0.63 0.50 2.30 

Androscoggin River Basin (HUC 01010004) 

Well ID Year COND pH TEMP HARD Ca Mg Na K C03-2 HC03-l ALK 504-2 cr1 F Si02 TDS N03-N p Fe Mn roe 
Wl 1982 98 6.6 9.0 37 11.0 2.2 3.8 1.10 na na 13.0 9.0 5.0 na na na 0.61 na 0.040 <.005 na 

W2 1982 112 7.6 9.0 51 17.0 2.0 4.1 1.50 na na 22.0 9.0 4.5 na na na 0.32 na <.030 <.005 na 

11-24 1982 52 6.0 9.5 13 4.0 0.8 4.2 0.50 na na 4.0 7.0 6.5 na na na <0.01 na 0.070 0.022 1.0 

12-1 1983 65 6.6 9.0 15 4.6 0.9 6.5 1.20 na na 15.6 3.0 4.5 na na na 0.03 na 0.100 na 30.0 

14-2 1983 103 7.0 8.0 34 8.9 2.7 9.2 4.30 na na 33.7 10.0 1.0 na na na 0.09 na 0.150 0.490 19:0 

14-4 1983 65 5.6 9.0 19 5.0 1.4 7.4 0.91 na na 8.8 <3.0 7.4 na na na 0.20 na 0.120 0.260 3.0 

15-2 1983 55 6.1 9.0 17 4.6 1.3 5.8 2.60 na na 14.0 6.0 0.5 na na na 0.14 na 0.090 0.050 <1.0 

15-4 1983 123 7.5 9.3 53 16.0 3.2 7.4 2.50 na na 52.0 4.0 1.5 na na na 0.06 na 0.040 0.120 <1.0 

16-11 1982 77 7.3 7.0 34 11.0 1.6 1.9 1.20 na na 17.0 <5.0 <0.5 na na na 0.05 na 0.060 0.310 4.0 

16-22 1982 131 6.5 9.0 50 17.0 1.9 6.4 1.60 na na 21.0 10.0 7.0 na na na 0.80 na 0.020 0.036 2.0 

16-6 1982 112 8.5 9.0 46 16.0 1.4 2.6 4.50 na na 23.0 <5.0 1.5 na na na 0.55 na 0.100 0.064 <1.0 

89-1 1989 111 7.8 8.0 44 12.0 3.4 2.7 3.10 0.0 44.0 36.0 14.0 0.6 0.1 13.0 72 0.10 0.06 0.030 0.130 1.2 

89-18 1989 88 5.9 8.0 13 3.7 0.9 11.0 1.40 0.0 15.0 13.0 10.0 7.8 <0.1 10.0 53 0.70 0.13 0.008 0.022 1.4 

89-2 1989 55 6.3 8.0 17 4.9 1.2 2.9 1.10 0.0 17.0 14.0 8.0 0.8 0.1 15.0 43 0.20 0.80 0.006 0.100 2.2 

89-3 1989 191 7.3 8.0 77 16.0 8.9 4.3 2.90 0.0 64.0 52.0 11.0 16.0 0.1 15.0 108 <0.10 0.12 0.120 1.200 1.2 

89-4 1989 68 6.0 10.5 21 . 5.5 1.7 3.1 0.50 0.0 27.0 22.0 4.0 5.6 0.1 17.0 51 <0.10 0.51 3.200 0.330 8.5 

89-5 1989 100 6.6 8.5 27 7.0 2.2 4.6 7.10 0.0 41.0 34.0 4.0 5.0 0.1 7.7 57 0.40 6.20 0.012 0.049 3.5 

89-6 1989 64 7.0 8.5 21 5.9 1.4 3.2 2.30 0.0 23.0 19.0 9.0 0.9 0.1 18.0 53 0.10 1.00 0.160 0.280 1.5 

89-7 1989 34 6.3 7.0 11 3.1 0.8 1.5 1.00 0.0 9.0 8.0 7.0 0.5 <0.1 9.2 37 <0.10 0.06 0.016 0.055 1.5 
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Weddle and Loiselle - Background Water Quality in Significant Sand and Gravel Aquifers in Maine 

Androscoggin River Basin (HUC 01010004) (continued) 

Well ID COND pH TEMP HARD Ca Mg Na K C03-2 HC03-l ALK 504-2 cr1 F Si02 TDS N03-N p Fe Mn TOC 

89-8 1989 145 7.6 8.0 18 5.8 0.9 2.0 1.10 0.0 86.0 70.0 7.0 1.4 <0.1 12.0 40 0.10 0.82 0.006 0.320 1.9 

89-15 1989 47 6.3 6.0 18 4.9 1.5 2.0 0.40 0.0 18.0 15.0 5.0 0.3 0.1 11.0 35 0.20 1.00 0.110 0.130 2.1 

89-16 1989 60 6.6 8.0 8 2.2 0.5 8.8 0.90 0.0 20.0 16.0 8.0 1.0 0.1 13.0 45 0.20 0.59 0.510 0.040 1.4 

Number 22 22 22 22 22 22 22 22 11 11 22 22 22 11 11 11 22 11 22 21 20 

Minimum 34 5.6 6.0 8 2.2 0.5 1.5 0.40 0.0 9.0 4.0 <3.0 <0.3 <0.1 7.7 35 <0.01 0.06 0.006 <0.005 <1.0 

Maximum 191 8.5 10.5 77 17.0 8.9 11.0 7.10 0.0 86.0 70.0 14.0 16.0 0.1 18.0 108 0.80 6.20 3.20 1.20 30.0 

Mean 89 6.8 8.4 29 8.Q 1.9 4.8 1.99 0.0 33.1 23.8 6.9 3.6 0.09 12.8 54 0.23 1.03 0.23 0.19 4.4 

Standard Deviation 38 0.7 1.0 18 5.1 1.7 2.7 1.62 0.0 23.8 16.4 3.3 3.3 0.02 3.2 21 0.24 1.76 0.67 0.27 7.3 

Median 83 6.6 8.5 21 5.9 4.5 4.2 1.30 0.0 23.0 18.0 7.0 1.5 0.10 13.0 51 0.12 0.59 0.07 0.10 1.7 

25th-percentile 60 6.3 8.0 17 4.6 0.9 2.7 1.00 0.0 17.3 14.0 4.0 0.8 <0.10 10.3 41 0.05 0.12 0.02 0.04 102 

75th _percentile 112 7.3 9.0 44 12.0 2.2 6.5 2.60 0.0 43.3 33.7 9.0 5.6 0.10 15.0 56 0.32 0.96 0.12 0.29 3.3 

Central and Eastern Coastal Basins (HUC 01010005) 

Well ID Year COND pH TEMP HARD Ca Mg Na K C03-2 HC03-l ALK 504-2 cr1 F Si02 TDS · N03-N p Fe Mn TOC 

18-3 1984 49 7.0 9.1 17 5.0 1.1 2.5 1.50 na na 15.0 4.3 1.0 na na na 0.03 na <0.030 0.008 14.0 

18-4 1984 154 7.5 9.4 64 19.0 3.7 6.5 3.40 na na 44.0 6.1 12.0 na na na 0.31 na 0.160 0.048 14.0 

24-1 1985 460 7.0 12.0 200 63.0 11.0 19.0 4.40 na na 450.0 28.0 10.0 na na na 0.20 na 0.070 0.560 72.0 

25-1 1985 84 7.0 8.5 25 5.8 2.5 7.8 1.50 na na 32.0 <5.0 4.4 na na na 0.06 na 0.050 0.016 7.0 

25-2 1985 46 6.8 8.0 1 0.2 0.1 11.0 0.33 na na 15.0 <5.0 3.4 na na na 0.01 na 0.070 0.006 <1.0 

25-3 1985 93 7.8 9.5 36 11.0 2.0 5.8 1.60 na na 35.0 6.4 5.8 na na na 0.06 na <0.030 0.023 14.0 

25-4 1985 104 7.0 11.5 29 7.0 2.8 20.0 3.40 na na 74.0 8.8 4.4 na na na 0.01 na 4.700 0.120 83.0 

25-5 1985 68 6.6 7.0 26 8.4 1.2 3.7 0.60 na na 29.0 <5.0 1.0 na na na <0.01 na 0.120 0.480 <1.0 

26-1 1985 25 6.3 11.5 6 1.3 0.7 3.8 0.80 na na 6.4 <5.0 2.0 na na na 0.01 na 1.300 0.018 <1.0 

26-10 1985 27 6.6 8.0 12 3.4 0.9 3.3 1.00 na na 16.0 <5.0 1.0 na na na 0.01 na 0.080 0.051 <1.0 

26-11 1985 42 6.7 9.0 11 3.0 0.9 13.0 1.00 na na 14.0 <5.0 1.0 na na na 0.49 na <0.030 0.140 <1.0 

26-12 1985 31 6.3 12.0 8 2.0 0.8 2.6 1.00 na na 8.0 <5.0 1.0 na na na 0.13 na 0.060 0.078 <1.0 

26-13 1985 31 6.5 11.5 7 1.9 0.6 3.5 0.60 na na 9.1 <5.0 1.0 na na na 0.04 na 0.030 0.022 <1.0 

26-2 1985 31 6.6 9.0 8 1.8 0.9 5.7 0.90 na na 7.5 <5.0 2.0 na na na 0.07 na 0.940 0.038 <1.0 

26-3 1985 25 7.0 8.5 6 1.6 0.5 2.7 0.60 na na 7.5 <5.0 1.0 na na na 0.10 na 0.160 0.005 <1.0 

26-4 1985 30 6.3 11.5 6 1.4 0.6 2.6 0.70 na na 6.4 <5.0 2.0 na na na 0.06 na 0.070 0.057 <1.0 

26-5 1985 47 7.3 8.0 12 2.9 1.1 14.0 0.60 na na 21.0 <5.0 2.0 na na na 0.34 na 1.100 0.016 2.0 

26-6 1985 43 6.8 11.5 10 2.5 0.8 4.7 1.50 na na 13.0 <5.0 2.0 na na na 0.02 na 0.030 0.082 <1.0 

26-7 1985 150 7.9 11.5 61 17.0 4.5 9.1 3.10 na na 78.0 <5.0 2.0 na na na <0.01 na 0.040 0.310 3.0 
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Weddle and Loiselle - Background Water Quality in Significant Sand and Gravel Aquifers in Maine 

Central and Eastern Coastal Basins (HUC 01010005) (continued) 

Well ID COND pH TEMP HARD Ca Mg Na K C03-2 HC03-l ALK 504-2 cr1 F Si02 TDS N03-N p Fe Mn TOC 

26-8 1985 33 5.7 12.0 9 2.5 0.7 2.9 0.40 na na 5.4 <5.0 2.0 na na na 0.33 na <0.030 0.010 <l.0 

26-9 1985 29 5.8 9.0 5 1.3 0.3 2.3 0.30 na na 6.4 <5.0 0.5 na na na 0.01 na 1.200 0.036 <1.0 

27-1 1985 76 6.6 9.5 16 4.2 1.3 4.5 1.20 na na 26.0 6.5 4.0 na na na 0.17 na 0.290 0.022 3.0 

27-2 1985 66 6.0 9.0 18 5.6 1.0 5.3 2.20 na na 8.6 10.0 4.0 na na na 0.51 na <0.030 0.030 2.0 

27-3 1985 44 6.9 9.5 15 3.9 1.3 7.2 0.50 na na 22.0 <5.0 1.0 na na na 0.22 na 0.700 0.032 34.0 

27-4 1985 43 6.5 8.5 13 3.7 0.8 3.2 0.60 na na 14.0 <5.0 1.0 na na na 0.09 na <0.030 0.037 <l.0 

88-1 1988 248 5.9 8.0 14 4.3 0.9 39.0 1.40 0.0 11.0 9.0 4X 63.0 <0.1 6.1 126 <0.10 <0.01 0.390 0.820 0.9 

45-1 1985 128 8.5 9.0 63 22.0 2.0 2.7 1.30 na na 67.0 5.6 2.0 na na na 0.09 na 0.080 0.006 <l.0 

45-2 1985 117 7.6 10.0 53 18.0 2.0 2.2 1.00 na na 48.0 8.7 2.0 na na na 0.19 na 0.030 0.031 <l.0 

93-1 1993 49 6.4 7.5 12 3.6 0.8 2.3 0.50 0.0 23.0 19.0 2.4 1.6 0.1 14.0 37 <0.20 0.12 na na 4.9 

93-4 1993 20 6.2 7.5 4 1.3 0.3 1.8 0.50 0.0 5.0 5.0 1.3 1.7 <0.1 8.7 18 <0.20 0.02 na na na 

93-5 1993 36 6.1 7.5 11 3.1 0.8 2.1 0.90 0.0 16.0 13.0 1.9 1.1 0.1 13.0 31 <0.20 0.41 na na 4.7 

93-9 1993 74 7.0 6.0 26 8.1 1.5 2.7 1.40 0.0 35.0 29.0 3.0 1.7 0.1 12.0 48 <0.20 0.15 na .. na 1.4 -

Number 32 32 32 32 32 32 32 32 5 5 32 32 32 5 5 5 32 5 28 28 31 

Minimum 20 5.7 6.0 1 0.2 0.1 1.8 0.30 0.0 5.0 5.0 1.3 0.5 <0.1 6.1 18 <0.01 <0.01 <0.03 0.006 <l.0 

Maximum 460 8.5 12.0 200 63 11.0 39.0 4.40 0.0 35.0 450.0 28.0 63.0 0.1 14.0 126 0.51 0.41 4.70 0.82 83.0 

Mean 78 6.8 9.4 25 7.5 1.6 6.9 1.27 0.0 18.0 36 4.5 4.5 0.1 10.8 52 0.13 0.14 0.42 0.11 8.64 

Standard Deviation 85 0.6 1.7 36 11.6 2.0 7.6 1.00 0.00 11.6 78.1 4.8 11.0 0.0 3.3 43 0.14 0.16 0.93 0.20 19.7 

Median 47 6.7 9.0 12.5 3.7 0.9 3.8 1.00 0.0 16.0 15.0 <2.5 2.0 0.1 12.0 37 0.09 0.12 0.07 0.03 <l.0 

25th_percentile 31 6.3 8.0 8.0 2.0 0.8 2.7 0.60 0.0 9.5 8.3 <2.5 1.0 0.1 8.1 28 . 0.03 0.02 0.06 0.02 <1.0 

75th-percentile 89 7.0 11.5 26.0 7.6 1.8 7.5 1.50 0.0 26.0 30.5 5.0 3.7 0.1 13.3 68 0.18 0.22 0.70 0.08 4.9 

Saco and Presumpscot River Basins and Southwest Coastal Basins (HUC 01010006) 

Well ID Year COND pH TEMP HARD Ca Mg Na K C03-2 HC03-l ALK 504-2 cr1 F Si02 TDS N03-N p Fe Mn TOC 

11-26 1982 86 7.3 10.0 32 11.0 1.1 2.6 1.50 na na 11.0 8.0 11.0 na na na 8.00 na 0.100 0.048 1.0 

11-32 1982 140 6.6 10.0 41 12.0 2.7 8.2 2.00 na na 9.0 17.0 8.5 na na na 2.80 na <0.030 <0.005 1.0 

11-33 1982 120 7.3 10.0 38 11.0 2.5 5.4 1.20 na na 10.0 . 7.0 15.0 na na na 2.20 na <0.030 0.045 <1.0 

12-2 1983 58 6.6 9.0 19 5.2 1.4 3.8 0.94 na na 18.6 <3.0 1.5 na na na 0.04 na 0.040 0.014 4.0 

12-3 1983 46 6.0 8.0 12 3.3 0.8 4.8 0.60 na na 11.8 <3.0 2.5 na na na 0.03 na 0.070 0.110 7.0 

13-3 1983 47 5.4 15.0 15 4.3 0.8 4.6 0.68 na na 11.5 7.0 1.0 na na na 0.03 na 0.130 0.088 1.0 

13-4D 1983 24 5.7 9.0 8 1.6 0.3 1.7 0.44 na na 8.3 <3.0 <0.5 na na na 0.02 na 1.300 0.076 12.0 

13-45 1983 17 5.8 9.5 4 1.2 0.2 1.7 0.53 na na 4.4 <3.0 <0.5 na na na 0.05 na <0.030 0.038 3.0 

13-5 1983 43. 6.2 8.0 11 3.2 0.5 4.3 1.30 na na 9.7 6.0 2.0 na na na 0.28 na 0.030 0.016 17.0 
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Saco and Presumpscot River Basins and Southwest Coastal Basins (HUC 01010006) (continued) 

Well ID COND pH TEMP HARD Ca Mg Na K C03-2 HC03-l ALK S04-2 cr1 F Si02 TDS N03-N p Fe Mn TOC 

14-1 1983 29 5.9 9.0 6 1.6 0.4 5.1 0.50 na na 3.4 <3.0 3.0 na na na 0.06 na 0.070 0.014 1.0 

14-5 1983 38 6.0 14.0 14 3.9 0.9 4.7 0.74 na na 16.5 4.0 <0.5 na na na 0.13 na 0.060 0.028 13.0 

14-8 1983 65 6.4 10.0 23 5.4 2.2 13.0 1.20 na na 23.0 4.0 0.5 na na na 0.17 na 0.170 0.072 2.0 

15-1 1983 58 6.1 8.0 21 6.6 1.1 4.6 1.20 na na 18.7 6.0 2.0 na na na 0.04 na <0.030 0.320 2.0 

2-30 1981 122 5.3 7.0 21 5.5 1.4 5.5 2.40 na na 12.0 14.0 4.5 na na na 0.14 na 0.400 0.360 na 

3-16 1981 70 6.3 10.0 16 5.2 0.6 3.9 1.20 na na 8.0 <5.0 3.0 na na na 0.02 na 0.030 0.090 na 

3-17 1981 58 na 8.0 12 3.3 0.7 4.2 2.00 na na na na na na na na na na 0.320 0.320 na 

3-2 1981 70 7.0 8.0 92 29.0 4.8 9.5 4.50 na na 12.0 <10.0 5.0 na na na 0.11 na 0.060 0.090 na 

3-8 1981 25 5.4 6.5 36 12.0 1.4 5.7 1.20 na na 20.0 17.0 <0.5 na na na 0.25 na 0.120 0.110 na 

3-9 1981 55 5.8 7.5 27 7.8 1.1 8.8 1.60 na na 21.0 <5.0 8.0 na na na 0.03 na 1.100 0.210 na 

4-11 1981 38 6.1 7.0 11 3.2 0.6 4.1 0.80 na na 9.0 <10.0 5.5 na na na 0.30 na 0.050 0.100 na 

4-12 1981 130 6.5 7.0 35 10.0 2.3 20.0 3.60 na na 11.0 <10.0 42.0 na na na 0.05 na 0.040 0.310 na 

4-15 1981 100 6.2 10.0 9 2.1 0.5 5.6 0.80 na na 8.0 <10.0 6.5 na na na <0.01 na 0.360 .0.250 na 

4-18 1981 110 6.8 8.0 25 7.0 1.5 4.6 1.90 na na 29.0 <10.0 3.0 na na na <0.01 na 0.280 0.170 na 

4-19 1981 55 6.6 10.0 17 4.3 1.1 2.7 1.70 na na 17.0 <10.0 2.0 na na na 0.03 na 0.370 0.160 na 

4-20 1981 20 6.6 8.0 7 2.2 0.3 1.9 0.40 na na 6.0 <10.0 1.5 na na na 0.05 na 0.030 0.006 na 

4-22 1981 80 6.5 8.5 61 8.6 2.6 5.0 3.00 na na 31.0 <5.0 2.0 na na na 0.05 na 10.000 0.870 na 

4-23 1981 71 6.9 9.5 61 8.9 3.3 5.5 2.90 na na 13.0 9.0 3.0 na na na 0.05 na 8.500 1.400 na 

4-24 1981 42 6.7 8.5 20 3.6 1.1 2.8 1.60 na na 16.0 7.0 2.0 na na na 0.05 na 2.000 0.410 na 

4-25 l981 38 6.1 8.0 12 3.0 0.8 3.8 2.50 na na 11.0 12.0 2.5 na na na. 0.05 na 0.370 0.330 na 

4-26 1981 105 7.3 8.5 35 8.8 2.5 9.9 2.30 na na 30.0 18.0 9.0 na na na 0.04 na 0.110 1.500 na 

4-27 1981 214 6.3 9.1 37 8.0 3.7 52.0 2.80 na na 82.0 10.0 19.0 na na na <0.01 na 0.370 0.580 na 

4-28 1981 106 6.0 7.5 41 9.8 3.3 11.0 2.30 na na 36.0 7.0 8.5 na na na 0.04 na 0.300 0.970 na 

4-3 1981 99 6.6 7.0 58 15.0 2.7 9.6 4.80 na na 61.0 <10.0 6.5 na na na 0.10 na 3.300 0.240 na 

4-4 1981 32 6.3 11.5 16 4.2 0.8 1.4 1.20 na na 14.0 <10.0 2.0 na na na 1.20 na 0.310 0.940 na 

4-5 1981 55 5.7 7.0 21 6.1 1.2 5.4 1.20 na na 13.0 10.0 8.0 na na na 1.80 na 0.070 0.100 na 

4-7 1981 40 6.7 9.0 15 4.1 1.0 3.6 1.50 na na 15.0 <10.0 3.0 na na na 0.02 na 0.080 0.180 na 

Number 36 35 36 36 36 36 36 36 - - 35 35 35 - - - 32 - 36 36 13 

Minimum 17 5.3 6.5 4 1.2 0.2 1.4 0.40 - - 3.4 <3.0 <0.5 - - - <0.01 - <0.03 <0.005 <1.0 

Maximum 214 7.3 15.0 92 29.0 4.8 52.0 4.80 - - 82.0 18.0 42.0 - - - 8.00 - 10.00 1.50 17.0 

Mean 70 6.3 8.9 26 6.7 1.5 7.0 1.70 - - 18.0 6.5 5.6 - - - 0.57 - 0.85 0.29 4.9 

Standard Deviation 42 0.5 1.8 19 5.2 1.1 8.5 1.08 - - 15.6 4.5 7.7 - - - 1.52 - 2.17 0.38 5.5 

Median 58 6.3 8.5 21 5.3 1.1 4.8 1.40 - - 13.0 5.0 3.0 - - - 0.05 - 0.12 0.14 2.0 

25th -percentile 39 6.0 8.0 12 3.3 0.7 3.8 0.87 - - 9.8 4.0 2.0 - - - 0.04 - 0.05 0.06 1.0 

75th -percentile 100 6.6 10.0 36 8.9 2.4 7.0 2.30 - - 19.7 7.8 7.6 - - - 0.21 - 0.37 0.33 8.3 
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All basins 

COND pH TEMP HARD Ca 

Number 204 204 205 205 205 

Minimum 17 5.3 6.0 1.0 0.2 

Maximum 530 9.2 16.5 260 85.0 

Mean 122 6.9 8.5 51 15.7 

Standard Deviation 94 0.7 1.7 49 16.6 

Median 94 6.7 8.0 34 9.0 

25th-percentile 55 6.3 7.5 17 4.6. 

75th-percentile 158 7.3 9.5 65 20.0 

Abbreviations and units used in Appendix A 

COND 
pH 
TEMP 
HARD 
Ca 
Mg 
Na 
K 
C03-2 
HC03-1 
ALK 
504-2 
CL-1-
F 
Si02 
TDS 
N03-N 
p 
Fe 
Mn 
TOC 

Specific conductance in uS I cm 
pH in standard units 
Temperature in degrees C 
Total hardness as milligrams/liter CaC03 
Dissolved calcium in milligrams/liter 
Dissolved magnesium in milligrams/liter 
Dissolved sodium in milligrams/liter 
Dissolved potassium in milligrams/liter 
Dissolved carbonate ion as milligrams/liter CaC03 
Dissolved bicarbonate ion as milligrams/liter HC03 
Total dissolved alkalinity as milligrams/liter CaC03 
Dissolved sulfate in milligrams/liter 
Dissolved chloride in milligrams I liter 
Dissolved flouride in milligrams/liter 
Dissolved silica in milligrams/liter 
Total dissolved solids in milligrams/liter 
Nitrogen (N02 plus N03) in milligrams/liter as N 
Total phosphorous in milligrams/litr as P 
Dissolved iron in milligrams/liter 
Dissolved manganese in milligrams/liter 
Total organic carbon as milligrams I liter C 

Mg 

205 

0.07 

18.0 

2.7 

2.6 

1.9 

1.1 

3.2 

Na K C03-2 HC03-l ALK 504-2 cr1 F Si02 

205 205 101 101 197 204 204 202 202 

1.0 0.10 0.0 5.0 3.4 <0.1 0.3 <0.1 4.4 

60.0 7.10 20.0 197.0 450.0 54.0 67.0 0.3 20.0 

5.8 1.41 0.3 62.0 46.6 7.8 5.4 0.08 11.0 

7.4 1.01 2.0 46.5 52.3 8.2 9.0 0.05 3.3 

3.7 1.20 0.0 52.0 29.0 5.6 2.0 <0.1 10.5 

2.4 0.67 0.0 24.0 14.0 3.0 1.0 <0.1 8.6 

6.1 1.80 0.0 90.3 64.3 9.0 6.5 0.1 13.0 
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TDS N03-N p Fe Mn TOC 

201 1 189 66 191 190 161 

17 <0.01 <0.01 <0.003 <0.001 0.3 

187 8.00 17.0 42.0 9.80 83.0 

81 0.51 0.67 0.87 0.38 4.7 

49 1.18 2.18 3.48 0.91 11.0 

72 0.10 0.13 0.07 0.10 1.6 

47 0.05 0.03 0.02 0.02 0.6 

107 0.30 0.59 0.32 0.36 3.9 
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Abstract 

The marine clay located in coastal Maine provide a potential low permeability barrier for waste 
isolation from ground water. We used the isotopes tritium and radiocarbon to analyze ground water flow 
and to provide independent estimates of recharge rates and vertical hydraulic conductivity of thick clay
silt soil. 

We analyzed clay-silt samples for tritium collected from cores extending from the ground surface 
to 45 feet in depth. We used an analytical solution to the one-dimensional advection-dispersion solute 
transport equation and linear convolution to calculate tritium concentrations at specified depths. The ve
locity term of the transport equation was calibrated to reproduce measured tritium concentrations. Hy
draulic conductivity values were calculated from the calibrated seepage velocity according to Darcy's 
equation, using representative porosity and vertical gradient values. · 

We also collected ground water samples from the till located beneath the clay-silt. The ground 
water samples were dated using tritium and radiocarbon. By using isotopes to date the till ground water, 
we could determine that there is negligible vertical ground water flow through the gray clay aquitard. At 
one location the till ground water was considerably younger than the ground water in the clay-silt, indicat
ing recharge by horizontal flow in the till. The isotope analysis demonstrated that the thick clay-silt acts 
as an effective barrier to vertical ground water flow from the ground surface to the underlying till. 

INTRODUCTION 

Tritium is a useful ground water tracer, which can be used to determine ground water 
recharge rates and calculate ground water velocities. Atmospheric testing of thermonuclear 
devices beginning in the 1950's resulted in a large increase of the tritium concentration in pre
cipitation. The elevated levels of tritium concentrations in precipitation can be used to date 
ground water based on the radioactive decay of tritium. A major advantage of using tritium 
for hydrogeology studies is that it provides a determination of ground water velocities inde
pendent of the Darcy equation. Use of the Darcy equation requires estimated values for the 
hydraulic conductivity, effective porosity, and hydraulic gradient. Consequently, tritium test
ing can be used as an independent method to characterize the hydrogeology of a site. 
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We used tritium testing as an element of a hydrogeological study of an expansion of a 
major commercial landfill located in central Maine. The site stratigraphy consists of 
glaciomarine clay-silt overlying till and bedrock. We collected soil samples from the clay
silt, and analyzed the samples for tritium. Using these data and one dimensional analysis for 
the advection-dispersion equation, we calculated ground water recharge and the vertical hy
draulic conductivity for the clay-silt. We also analyzed ground water samples from the till for 
tritium and radiocarbon to date the till ground water. The till ground water dates were used to 
determine the extent of the hydraulic isolation of the till, and the potential for contaminant mi
gration vertically through the confining clay-silt layer. 

SITE DESCRIPTION 

Maine was glaciated by continental ice sheets at least twice in the past 100,000 years. 
As these sheets were receding, glacial seas formed over part of the state. The sediments asso
ciated with the glacial seas are collectively known as the Presumpscot Formation (Bloom, 
1960). These deposits are generally clay and silt believed to be caused by rock flour floccula
tion as glacial meltwater entered the saline sea. The marine clay and silt provide a low perme
ability layer useful for the isolation of waste. 
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Figure 1. Site plan showing the locations of borings B-1 and B-2 and wells B-3 and B-4. 
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The site is located in the uplands of central Maine. The site plan is shown in Figure 1. 
The bedrock geological setting of the site is characterized by steeply-dipping metasedimen
tary rocks intruded in many places by granitic stocks. Surficial deposits are quite thick, with 
the thickness ranging from 17 to 91 feet. Th~ general surficial sequence features till at the 
base of the section, followed by overlying glaciomarine bottom sediments, and thin wind
blown sand deposits covering limited areas. 

The 10 to 85 feet thick strata of clay-silt forms a confining layer over the till and bed
rock and is exposed at the surface over almost the entire site. The upper 5 to 10 feet of the 
Presumpscot Formation are weathered olive-brown, and contain desiccation fissuring and 
frost fractures. The remaining thickness of clay-silt, approximately 35 feet, is gray and mas
sive with minimal secondary structures. The weathering features make the upper olive-brown 
Presumpscot significantly more permeable than the underlying unweathered gray Pre
sumpscot. The average water table is near the contact between the olive-brown and gray units. 

Because of the low hydraulic conductivity of the gray clay-silt compared to the overly
ing weathered olive clay-silt, the gray clay-silt acts as an aquitard with primarily vertical 
ground water flow. The ground water flow is primarily horizontal in the olive clay-silt and 
the till. The low hydraulic conductivity of the gray clay-silt limits recharge from precipita
tion, and creates a shallow upper ground water flow system with the ground water discharg
ing locally to surface water drainage features. 

FIELD METHODS 

Tritium Sample Collection and Analysis: Clay-Silt Soil 

We collected tritium samples in the clay-silt at two locations, borings B-1 and B-2. 
The borings locations are shoW'n in Figure 1. These locations were chosen because they were 
in areas of downward gradients, which indicate ground water recharge areas. The two bor
ings are separated by a distance of 3000 feet, with the line between them approximately per
pendicular to the direction of bedrock ground water flow. 

We collected the soil samples by continuous coring using a 3-inch shelby tube in Sep
tember, 1991. The table below shows the stratigraphy at these locations: 

B-1 (265.8 ft MSL) 

0-9 ft 
9-46 ft 

46-59 ft 
59 ft 

silty sand 
gray clay-silt 
till 
bedrock 

B-2 (258.9 ft MSL) 

0-3 ft 
3-8 ft 
8-45 ft 

45-53 ft 
53 ft 

silty sand 
olive clay silt 
gray clay-silt 
till 
bedrock 

The cores of the gray clay-silt were sectioned, and sent to the University of Waterloo 
Environmental Isotope Laboratory for analysis. The water was extracted from the clay-silt us
ing azeotropic distillation with xylene (Hendry, 1983). The tritium concentration was meas-
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ured using direct liquid scintillation counting. The analytical precision of the method is +/-8 
TU and the detection limit is 6 TU. The tritium results are listed in the table below and dis
played in Figure 2. 

B-1 B-2 

Depth (ft) Tritium units Depth (ft) Tritium units 

10 23 9 20 
12.5 24 9 12 
15 <6 11.5 <6 
20 <6 16.5 <6 
25 <6 21.5 <6 
30 <6 26.5 7 
35 <6 31.5 <6 
40 9 36.5 <6 
45 <6 31.5 <6 

Tritium Sample Collection and Analysis: Till Ground Water Samples 

We collected water from wells screened in the till layer from monitoring wells B-3 
and B-4. Monitoring well B-3 is approximately 390 feet from boring B-1. Monitoring well B-
4 is approximately 310 feet from boring B-2. These locations were chosen for the same rea
sons as the locations of the gray clay-silt tritium samples described above, which are the 
presence of a thick gray clay-silt layer and a downward gradient. The locations of borings B-
3 and B-4 are displayed in Figure 1. 

Water samples were collected from both wells for the tritium analysis in September 
1991. We sent the water samples to the University of Waterloo Environmental Isotope Labo
ratory for analysis. The tritium concentration was measured using direct liquid scintillation 
counting. The analytical precision of the method is +/-8 TU, and the detection limit is 6 TU. 

If the tritium analysis indicated that the water was deposited by pre-1952 precipita
tion, samples were collected for o14C analysis. Two 50-liter samples were collected in the 
field using a peristaltic pump in February 1992. The dissolved carbon was stabilized by add
ing NaOH, and the carbon was precipitated as carbonate by adding Ba(OH)2*8H20. The 
slurry was transferred to a 1-liter container, and shipped to the laboratory for analysis. The ra
diocarbon dating was performed by Beta Analytical Inc., located in Coral Gables, Florida. 
The sample was analyzed for radiocarbon and o13c. 

ANALYSIS METHODS 

The goal of the analysis was to calculate the vertical hydraulic conductivity of the 
gray clay-silt. We used an analytical solution to the one-dimensional advection-dispersion 
solute transport and linear convolution to calculate tritium concentration at specified depths in 
the gray clay-silt. The transport model included radioactive decay of tritium. The velocity 
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Figure 2. Tritium profiles for borings B-1 and B-2. See text for discussion. 

term in the transport equation was calibrated to reproduce measured tritium concentrations. 
Hydraulic conductivity values were calculated from the calibrated seepage velocity according 
to Darcy's Law, using representative porosity and vertical gradient values. 

Transport Equation and Analytical Solution 

We used the following form of the one-dimensional transport equation: 

ac1at = na 2c/ax2 
- vac;ax - A.c 

subject to the boundary conditions 

C(x = 0, t) = C
0

, t > 0 (Dirichlet, Type 1) 

C(x = oo, t), ac I ax = 0, x = oo (Neumann, Type 2) 

which is analogous to a semi-infinite column. The initial condition was 

C(x, t = 0) = 0, 0 < x < oo. 

The variables are defined as follows: 

C(x,t) -
D -

t -
x -

solute concentration as a function of space and time [M/L3] 
dispersion coefficient [L 2 /T] 
time [T] 
vertical distance [L] 
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decay constant [lff] 
velocity [Lff] 

The solution (Wexler, 1992, p. 18) for concentration as a function of time and distance 

C(x, t) = (C 
0 

/2){exp[(V - U)x/2D] · erfc[(x - Vt)/2.j(Dt)] 

+ exp[(V + Ux/2D)] · erfc[(x + Ut)/2.j(Dt)]} 

with functions defined as follows: 

exp() -
erfc() -
u 

Naperian exponential function 
complementary error function 
(V2 + 4 D). 

This solution is valid for a step input at x = 0. The source concentration C(x=O) is 
raised instantaneously from 0 to Co at time t = 0. Thereafter, the source concentration is held 
at Co for all time. However, the measured tritium input forcing function of the precipitation 
is noisy and is also declining over time, as the atmospheric bomb tritium decays. Therefore, 
the simple solution giv~n above must be manipulated to allow for a time-variable source. We 
account for a time-variable source by convoluting the unit pulse response function at speci
fied depths with the rainfall tritium time series data. 

Convolution of the Transport Equation 

The analytical solution is linear in concentration C, and is therefore amenable to the 
principle of superposition. In this application we can think of convolution as a generalization 
of superposition. While concentration is a function of two independent parameters (time t and 
position x), at a given depth Xi, Ci(t) C(xi,t) is a function of time only. By setting Co= 1, a 
unit pulse response function Hij(~t) = {Ci(j~t) - Ci((j-l)~t)} can be calculated. The convolu
tion summation of the unit pulse response function and the input sequence of rainfall tritium 
concentrations allows us to calculate concentration at depth Xi for time-variable tritium load
ing. The unit time period ~t should equal the time increment for the input data trace. The 
convolution summation for concentration Cin at depth Xi and time tn (= n~t) is given by 

n 

cin = I cojHi,n-j+I 
j;) 

This expression is analogous to unit hydrograph calculations in surface water hydrol
ogy. Then Coj corresponds to time-variable inflow (rainfall), H corresponds to the unit hy
drograph (routing function), and Cin corresponds to outflow (runoff). 
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We calibrated this model for V by trial and error. That is, we tabulated Hij(Llt) for a 
given parameter set, including V. The pulse response function H was calculated with the sim
ple difference expression cited above, using Llt = 0.5 years and having calculated C(xi,t) with 
Co= 1. We then simulated Cin for selected depths in the gray clay-silt at which we had trit
ium data. We would plot our calculated values with the measured concentration profiles. If 
our simulated profile lagged the observed tritium front, we would increase the velocity. Con
versely, if the simulated front led the measured profile, we would reduce the velocity. We 
would then repeat the procedure using the new, adjusted velocity value. 

Model Parameterization and Rainfall Tritium Data 

Several parameters are required for the analytical solution and convolution, in addition 
to the velocity V that we were calibrating. We assumed that the dispersion coefficient D was 
adequately represented by 

D~aV+D* 

where a is the dispersivity [L] and D* is the molecular diffusion coefficient [L2/T] in a po
rous medium. Following Robertson and Cherry (1989), we used a= 0.0656 ft (0.02 m). In 
simulations on a shallow, unconfined sand aquifer they found that high values produced trit
ium transport that was too rapid. Dispersivity in clay-silt is likely to be at least as low. We 
observed that lower dispersivity values had no discernible impact on simulation results, since 
the transport is extremely slow and is controlled by decay and molecular diffusion. The po
rous medium diffusion coefficient D* is typically assumed to be related to the free aqueous so
lution diffusion coefficient and the medium tortuosity. We used D* = 0.172 ft2/yr (0.016 
m2/yr), following Johnson and othes' (1989) study of tritium transport in clays. Implicit in 
this value is the assumption that tritium molecular diffusion behaves similarly to that of the 
chloride ion er. Tritium has a half-life of 12.43 years, which corresponds to a decay constant 
of 'A= 0.05775/yr. 

Tritium concentrations in rainfall are collected at only a few sites worldwide. The 
best record for continental North America is Ottawa, Canada. We obtained the rainfall trit
ium time series from Robertson and Cherry (1989) for the period 1950 through 1986. Mr. 
Robert Drimmie of Waterloo University kindly provided data from 1/86 to 11/91 (personal 
communication, 3/27/92). The Ottawa precipitation tritium time series is shown in Figure 3. 
We assumed a value of 3 TU for precipitation data prior to 1950. Figure 3 also displays the 
tritium concentration corrected for radioactive decay to the sampling date of September 1991. 
Ground water with a concentration of tritium less than 10 TU was recharged prior to bomb 
testing in 1952. 
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Figure 3. Tritium time series for precipitation at Ottawa, Ontario, Canada, showing measured 
values and values corrected for decay to 1991. 

RESULTS 

Estimation of Gray Clay-silt Recharge and Vertical Hydraulic Conductivity 

The data from the tritium analysis can be used to approximately age date the ground 
water collected from the gray clay-silt. Once precipitation enters the ground water system, 
the tritium will begin to decay from the historical atmospheric input concentrations of tritium. 
It follows that the tritium concentration is an indication of the age of the water. Assuming 
limited mixing of the ground water, samples with a tritium concentration ofless than 10 TU 
entered the ground as recharge before the beginning of atmospheric bomb testing in 1952 
(Mazor, 1991). At boring B-1 the ground water below 12.5 feet depth is pre-1952 in origin, 
and at boring B-2 the water below 9 feet is pre-1952 in origin. Ignoring diffusion and assum
ing that the fissured olive clay-silt is fully vertically mixed because of the fissures, the vertical 
ground water velocities would be 0.12 and 0.058 ft/yr for borings B-1 and B-2 respectively. 
Since diffusion is ignored in these calculations, the velocities calculated represent upper 
bounds for the vertical ground water velocities in the gray clay-silt. The analysis below in
cludes the effect of diffusion. 

We simulated one-dimensional transport with decay using Wexler's (1989) SEMINF 
program in conjunction with our own code for calculating the pulse response function and 
convolution summation. We assumed velocity, V, to be the only unknown parameter in the 
transport equation. Figures 5 and 6 show measured tritium levels for profiles B-1 and B-2 
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·along with simulated levels for several velocity values as of mid-1991. As noted above, the 

uncertainty in the tritium data is "8 TU. ·Also, when interpreting these profiles, we must bear 
in mind that we do not know the actual tritium input function for Maine. Based on the simu
lated tritium profiles, we cannot identify a single seepage velocity value that fits both data 
sets. For B-1 we can say that velocity is less than 0.01 ft/yr, while for B-2 it appears that ve
locity is something less than 0.001 ft/yr. 

Assuming vertical flow and transport at these locations, seepage velocity V is a surro
gate for recharge through the gray clay-silt: 

r = nV, 

where r is the effective recharge and n is the porosity. Assuming n = 0.4, we obtain effective 
gray clay-silt recharge rates of 0.004 ft/yr and 0.0004 ft/yr for B-1 and B-2, respectively. Ef-

fective porosities less than 0.4 would give lower recharge values. Thus, a nominal value of n 
= 0.4 gives an upper bound on flux through the gray clay. 

We can estimate gray clay-silt vertical hydraulic conductivity from the calibrated ve
locity values and Darcy's Law. Darcy's Law can be written as 

K = nV /(Bh/Ox.). 
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Figure 4. Measured tritium levels and simulated tritium profiles for borings B-1 and B-2 
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The average vertical gradients (Mh/Mx) using data from April 1991 to May 1992 for wells B
l and B-2 are -0.267 and -0.203 respectively (x positive downwards). Negative gradients sig
nify downward flow. Substituting the appropriate values gives vertical conductivities Kv of 
0.015 ft/yr (l.4xl0"8 emfs) and less than 0.002 ft/yr (l.9x10·9 emfs) for B-1 and B-2, respec
tively. 

Age Dating Till Ground Water 

The tritium results for the till ground water samples are: 

Well B-3 (located near B-1) 
Well B-4 (located near B-2) 

34TU 
<6TU 

The tritium profiles for both sampling locations including the gray clay and till sam
ples are displayed in Figure 2. Since the tritium concentration at B-3 is greater than 10 TU, 
the till water at that location is of post-1952 origin. At monitoring well B-4 the tritium con
centration is less than 10 TU, indicating pre-1952 origin. The tritium data from the gray clay
silt at boring B-1 shows that post- 1952 water has only traveled a short vertical distance into 
the gray clay-silt. Therefore, the post-1952 water found in the till at boring B-3 in the till is 
due to horizontal transport in the till from an upgradient recharge area. Since B-3 and B-4 are 
located on different flow paths, the recharge area for B-3 may be closer than the recharge area 
for B-4. There may also be greater ground water velocities in the till at B-3 than B-4. Boring 
B-3 is located near where the confining gray clay-silt thins, and there is discharge to the sur-
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·face water. This discharge causes the horizontal gradients, and consequently the velocities, to 
be greater at B-3 than at B-4. 

Since the tritium analysis indicated the till water at well B-4 is pre-1952, we dated the 

water using radiocarbon dating. The analytical results were 47.1 "0.6 pmc (percent modern 
carbon), and o13C=-15.2. 

t =~In~ 
ln(2) A 0 

where 

t - half life of 14C 
A - activity of sample, expressed as PMC 
Ao - initial activity of sample, assumed 100 PM C 

The uncorrected age of the ground water, the time since the water has been isolated 
from the atmosphere, is 6200 years using a half life of 5730 years (Faure, 1977). The preci-

sion of the laboratory analysis is "100 years. The uncorrected age assumes that the ground 
water initially had 100 pmc, and that there has been no isotopic exchange of the o14C along 
the flow path. In general, corrections to Ao will reduce the calculated age of the ground water 
(Mook, 1980). Pearson (Fontes and Garnier, 1979) proposed using a correction of the form 

Using the Pearson correction, the ground water age is 2100 years with an analytical 
precision of +/-100 years. 

Although there are uncertainties in calculating the exact ground water age, o14C analy
sis shows that the till water at well B-4 has been hydrologically separate for a considerable pe
riod. This implies both low ground water velocities, and low recharge fluxes through the 
overlying clay-silt at boring B-3. At boring B-4 the till water is post-1952, showing horizontal 
transport in the till. 

SUMMARY 

The vertical hydraulic conductivities calculated for the gray clay-silt using the tritium 
results range from a Kv of 4x10-5 ft/day (1.4x10-8 emfs) to less than 5.4xl0-6 ft/day (l.9x10-9 

cm/s). The geometric mean from 37 rising head tests in piezometers screened in the gray 
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clay-silt is 6.2xl0-3 ft/day (2.2xl0-6 emfs). Assuming that the rising head tests measure the 
horizontal hydraulic conductivity and the horizontal to vertical anisotropy is 50 to 1, the verti
cal hydraulic conductivity is l.2x10·4 ft/day (4.3x10-8 emfs). The vertical hydraulic conduc
tivity of the gray clay-silt has also been calculated from the results of two 72-hour bedrock 
pumping tests, using head measurements from vibrating wire piezometers in the clay-silt 
~Muff, 1993). The vertical hldraulic conductivity from the pumping tests ranges from 1.7x10-

to 2.6x10- ft/day (6.0xlO- to 9.3x10-8 emfs). The three independent methods show good 
agreement, with a vertical hydraulic conductivity of approximately 2.8xl 0·5 to 14xl 0·5 ft/day 
(lxl0-8 to 5x10-8 emfs). 

The laboratory analysis of the tritium samples used direct liquid scintillation counting. 

The analytical precision of this method is "8 TU, and the detection limit is 6 TU. This preci
sion is sufficiently accurate for determining if ground water was recharged prior the mid-
1950' s. For our analysis of comparing the tritium data to numerical solutions, the more 
precise analytical method of electrolytic enrichment would be appropriate. The precision us
ing electrolytic enrichment is 3.5%, which is approximately 0.25 TU for our samples. 

We corrected the age calculated using radiocarbon for the till ground water for iso
topic exchange. Since the exact flow path and the geochemistry is not known, the correction 
is approximate. Radiocarbon dating of ground water can also be useful for analyzing relative 
ages for samples collected along a flow path. This would be appropriate for ground water 
flow on a regional scale, and has been used in Texas (Pearson and White, 1967). Although 
the age calculated using radiocarbon in this study is approximate, the results confirm the in
tegrity of the clay-silt aquitard. 

The isotope analysis demonstrated that the thick clay-silt acts as an effective barrier to 
vertical ground water flow from the ground surface to the underlying till. The numerical mod
eling of the tritium data indicated that diffusion is the dominant transport mechanism in the 
gray clay-silt. The vertical hydraulic conductivity calculated for the gray clay-silt agreed well 
with results from rising head tests and bedrock pumping tests, indicating a vertical hydraulic 
conductivity of approximately 1.4x10-4 ft/day (5x10-8 emfs). Using isotope analysis as a 
component of a hydrogeological study provided an extremely useful independent method to 
characterize ground water flow at the site. 
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Abstract 

Previous studies suggest a pre-glacial bedrock channel of the Androscoggin River leading to Yar
mouth from the Durham area of Maine. Gravity, seismic refraction, and electrical resistivity surveys, 
water-well logs and surficial geologic mapping delineate the bedrock topography and the stratigraphy of 
late Quaternary deposits. These data reveal an east-west trending bedrock ridge in the middle of the study 
area. This bedrock ridge separates a deep bedrock depression to the north from south-grading bedrock 
valleys to the south. No major south-draining pre-glacial bedrock channel exists within the study area. 

The late Wisconsinan Ice Sheet retreated through the study area in contact with marine waters. 
Esker deposits provide evidence of major englacial drainage channels following the trend of bedrock val
leys. The esker segments terminate in West Durham in a submarine-fan complex. Glaciomarine silt and 
clay, referred to as the Presumpscot Formation, were deposited during submergence as the ice receded. 
This late-glacial history results in unconfined as well as confined aquifer conditions. 

Unconfined conditions exist in the esker segments and submarine-fan sediments. Confined condi
tions exists within the coarse grained deposits buried by glaciomarine mud. Some of the unconfined esker 
segments have potential water-well yields of over 50 gallons per minute. Most other esker segments have 
potential yields adequate for residential use. Reworking of glacial deposits during isostatic emergence pro
duced a thick sequence of unconfined shallow marine sediments. Potential exists for water-well yields 
within these deposits ranging up to 50 gpm. 

INTRODUCTION 

Geophysical and geological methods are used to investigate the paleodrainage pattern 
and the hydrologic significance of Quaternary deposits within the lower Androscoggin River 
valley in the Durham area of Maine, Figure 1. The Androscoggin River is the third largest 
river in the State of Maine. It presently flows southeast from Lewiston. The river dramati
cally changes course in Southwest Bend, Durham, where it flows northeast for 2.6 miles to 
Lisbon. From Lisbon the river resumes a southeasterly course through Brunswick to the Gulf 
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of Maine. Most of the 14.7 square mile study area is within the northeast quadrant of the U.S. 
Geological Survey (USGS) North Pownal 7.5-minute quadrangle, Figure 2. 

The average elevation of the Androscoggin River in Durham, Maine, is 100' above 
sea level (asl). A prominent bedrock ridge, maximum elevation 31 O', trends southwest from 
the bend in the river and bisects the study area. The terrain rises gradually to the south, reach
ing an average elevation of200'. Another southwest trending bedrock ridge occurs 2-2.5 
miles to the northwest. 

The presence of bedrock valleys provides evidence of pre-glacial drainage patterns. 
These patterns may influence glacial and post glacial deposition, erosion and drainage. Re
sulting surficial deposits can provide abundant water resources. The potential exists for high 
yielding aquifers in areas where glacial drainage follows bedrock valleys and fills them with 
coarse- grained deposits. 

Crosby (1922) hypothesized that the pre-glacial drainage pattern of the lower Andro
scoggin River valley was significantly different from the present: the river flowed south to 
the sea through Yarmouth rather than through Brunswick. He specifically noted a pre-glacial 
channel in the Durham area. In 1963, Prescott drew a similar conclusion. Three published 
hydrologic maps also suggest a bedrock channel, presumably sculpted by a pre-glacial river, 
south of South West Bend (Prescott, 1968; Caswell and Lanctot, 1978; Tepper and others, 
1985). As Figure 1 illustrates, the location of the bedrock channel is in dispute. 

Prescott (1968) defines zones of ground-water "favorability" in the lower Androscog
gin River valley as those which yield 10-50 gallons per minute (gpm). One such zone occurs 
between South West Bend and West Durham. The Ground Water Resource Map of Andro
scoggin County (Caswell and Lanctot, 1978) infers a buried channel 450' deep in the Gerrish 
Brook area. This channel is based on data from one water-well log. Three other well logs on 
the same property record depths-to-bedrock ranging from 64-113 feet. Therefore, the 450 
foot depth is most likely total depth rather than the reported depth-to-bedrock. In 1985, the 
USGS, in cooperation with the Maine Geological Survey (MGS), produced Significant Sand. 
and Gravel Aquifer maps at a scale of 1 :50,000. Map number 11 of this series indicates four 
sand-and-gravel aquifers within the Durham area that yield 10-50 gpm and two smaller areas 
in the West Durham area where yields are greater than 50 gpm (Tepper and others, 1985). 
These areas are coincident with previously hypothesized pre-glacial channels. Offshore seis
mic data presented by Tolman and others (1986) indicate a deeply incised buried channel in 
the Yarmouth area, presumably the pre-glacial Androscoggin River channel. 

The coastal zone of southern Maine and New Hampshire is unique to New England be
cause the Pleistocene stratigraphy is the result of deglaciation with a marine-based ice front 
(Bloom, 1960 and 1963; Smith, 1982 and 1985; Thompson, 1982; Smith and Hunter, 1989). 
The late Quaternary deglacial history of the Androscoggin River Valley records complex stra
tigraphic relations between sediments of glacial, glaciofluvial, and glaciomarine origin (Re
telle and Bither, 1989; Retelle and Konecki, 1985 and 1986; Attig, 1975). These sediments, 
principally sand and gravel, deposited in a marine-based ice marginal environment as eskers, 
moraines, and submarine outwash fans are potentially favorable for ground water resources. 
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·However, as the glacier receded, marine waters inundated the isostatically depressed land. 
Fine-grained silt and clay, known as the Presumpscot Formation (Bloom, 1960) was depos
ited within these waters. These fine-grained deposits complicate the general hydrologic re
gime due to their low permeability. The coarse-grained ice-contact deposits grade distally 
(and vertically in cross-section) to the fine-grained silty clay of the Presumpscot Formation. 
This characteristic interfingering complicates the predictability of ground-water bearing de.
posits. An understanding of the processes and deposits associated with de glaciation facilitates 
hydrologic assessment within this environment. 

QUATERNARY STRATIGRAPHY 

In general, the surficial deposits within the study area result from the retreat of the late 
Wisconsinan Laurentide Ice Sheet. Figure 3 illustrates the surficial geologic map of the study 
area. The marine-based ice front retreated through the study area relatively quickly due to 
calving. However, many, perhaps annual, forward oscillations of the ice front interrupted the 
ice retreat, similar to that reported for modem glaciers (Lawrence and Elson, 1953; Meier, 
1984). End moraines, both small (DeGeer moraines) and large, and submarine outwash fans 
provide evidence of ice frontal positions (Thompson, 1979 and 1982; Smith and others, 
1982). Glaciomarine mud deposited during submergence now exhibits a distinctive smooth to 
gently rolling topography as it covers ice-contact deposits. Post-glacial sea level reached 310 
feet above present sea level within the study area (Thompson and others, 1989). Therefore, 
water depths over the study area at the time of deglaciation ranged from 10 to 200 feet. Dur
ing regression of the sea, glacial deposits emerged through wave base. Waves reworking 
these deposits result in intertidal and beach sediment (shallow marine deposits) overlying the 
ice-contact deposits and glaciomarine silty clay. 

Till is the oldest surficial deposit found within the study area and is not well exposed. 
Most commonly, till forms a discontinuous cover directly on bedrock. This till is a dense mix
ture of boulders and cobble-sized clasts. The matrix is sandier than tills exposed above the 
marine limit (Attig, 1975). Till exposed beneath glaciofluvial and glaciomarine deposits in 
the study area exhibits a more compact matrix than that directly on bedrock. Geophysical evi
dence and water-well data imply the widespread occurrence of till beneath the glaciomarine 
deposits. 

DeGeer moraines occur extensively in parts of the study area. They are notably ab
sent within the center of the study area. This results from: masking of their geomorphic form 
by overlying material; obliteration by Holocene erosion, or; non-deposition. Since many of 
the DeGeer moraines are either covered with glaciomarine silts and clays or have had their 
tops reworked by the regressing sea, they appear only as tonal lineations on aerial photos. 
This occurs because the moraines are usually more permeable ice-contact material than the 
less permeable intermorainal glaciomarine silty clay. This moisture variation makes infrared 
photography useful for DeGeer moraine delineation. 

The regularly spaced DeGeer moraines generally occur in groups of2 to 4. Their 
spacing, size and shape are consistent with those described by Jong (1980). The two most eas
ily seen groups of moraines in the study area, visible in the field and on air photos, are lo-
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cated: in the West Durham area at the intersection of Fickett, Davis and Rabbit Roads; and 
southeast of Bowie Hill. 

Eskers occur within the study area as elongate discontinuous segments. Topographic 
relief ranges from 20 to 100 feet. The best exposures occur in the esker segments paralleling 
Gerrish Brook. Glaciomarine mud and shallow marine deposits drape all esker segments. 

The esker segments contain predominantly sand-sized and coarser sediment with 
many large boulders. These esker segments represent englacial or supraglacial drainage 

. rather than subglacial drainage for two main reasons: the exposures do not contain extensive 
well-preserved stratification, either in the middle of the esker or slumped or faulted on the 
edges; and the topographic gradient of the segments is to the north. While a northward-dip
ping subglacial tunnel could still contain southerly flow under hydraulic pressure, the absence 
of extensive stratification indicates that the deposits settled through the ice as it melted. This 
process would destroy most existing stratification. Where no exposures are available and 
only geomorphic form suggests an esker segment, water-well data indicate abundant sand and 
gravel. Bowie Hill is a good example of this case. 

Excellent exposures of submarine-fan deposits occur within the study area. The larg
est fan complex is in West Durham. Small borrow pits and foundation excavations through
out the study area expose many small submarine fans. Many of the smaller scale fans may 
appear as DeGeer moraines due to masking by the overlying glaciomarine and shallow ma
rine deposits. 

In general, the submarine-fan deposits consist of a fining-upward sequence of subma
rine outwash sediments ranging predominantly from gravel to interlaminated mud and fine 
sand. Along bedrock ridges, submarine-outwash sediments may simply drape over the top of 
the bedrock high or grade to the bedrock ridge. The ice-proximal zone of the fan complex 
can have a wide variety of lithofacies because fluvial, glacial, marine, and gravitational proc
esses all act within the sub-marine fan environment of deposition (Powell, 1984). However, 
the dominant submarine-fan sediment types are the sand and fine sediment (mud) lithofacies. 

Excellent exposures exist within the largest submarine-fan complex in West Durham. 
Borrow pits expose bedrock and a minimum of25 to 40 feet of the submarine-fan section. 
Coarse sand and gravel predominate, but boulders and cobbles are also abundant. Planar and 
graded sand beds are the predominant lithofacies within the top of the exposures. Erosional 
contacts are abundant between sets of sand beds and sets of graded and massive gravel beds. 
At higher elevations in the fan, an erosional contact separates the fining-upward fan sequence 
from the overlying coarser-grained shallow marine deposits. On the edges of the fan, an 
erosional contact separates the fan sequence from the draping glaciomarine mud and the shal
low marine sequence. 

The glaciomarine mud within the study area occurs as structureless to blocky massive 
silty clay or stratified to interlaminated silt and clay with fine sand. These deposits represent 
submarine sedimentation from suspension distal and lateral to underflow currents and over
flow plumes. The upper and lower contacts of the glaciomarine deposits are either erosional 
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or gradational, with ice-contact deposits below or shallow marine deposits above. In general, 
surficial exposures of the massive, structureless mud are below the 210 foot elevation; above 
this elevation the Presumpscot Formation appears as silt and sand. For example, on the highs 
of the hummocks within the Gerrish Brook Valley, silt and fine sand predominate at the sur
face while exposures of the massive glaciomarine mud occur within small stream beds at 
lower elevations. Water well drilling in the study area encountered up to 98 feet of "blue 
clay" (C. Larrabee, pers. comm. 1987). Where they occur, swamp deposits most frequently 
overlie glaciomarine deposits. The low permeability 'of the glaciomarine mud, combined with 
topographic restrictions produce a number of these wetland deposits throughout the study 
area. 

The shallow marine deposits within the study area vary depending on the following 
factors: the underlying parent material; the topography; and the processes of erosion and 
deposition. These processes are a function of water depth. Sediment size varies as shoaling 
effects have redistributed all previous deposits. The deposits occur either in transition with, 
or more commonly lie unconformably over, the underlying glaciomarine or ice-contact depos
its. 

Complex exposures of the shallow marine sediments are found capping the submarine 
fan complex in West Durham. The deposits are 10-30 feet thick and truncate the steeply dip
ping beds of the submarine fan. The steeply dipping beds drape the topographic high and are 
predominantly gravel and cobbles. Worm burrows provide evidence of a shallow marine en
vironment for these deposits. Coarse-grained shallow marine deposits grade distally to poorly 
sorted massive silty sand. A thick sequence of shallow marine deposits blanket the study area 
to the east of the bedrock ridge that trends from Southwest Bend to West Durham. These de
posits are characteristically similar to glaciofluvial deposits. Stratified gravelly sand to silty 
sand predominate. Silty sand predominates in other areas of low topographic relief. 

Isolated deposits of yellowish-brown fine sand overlie the deposits discussed above. 
McKeon (1989) and Attig (1975) suggest that the shallow marine deposits were the sediment 
source for these eolian deposits. Although well-formed dunes are not present in the study 
area, the deposits exhibit a distinctive hummocky topography. Ventifacts also provide evi
dence of wind blown action. 

Extensive alluvial deposits occur along the flood plain of the Androscoggin River. Mi
nor deposits of alluvium also occur along the perennial streams and brooks. The Androscog
gin River Valley alluvium contains evidence of many meander scrolls and river scarps. The 
scrolls are easily recognized on aerial photographs; the scarps are clearly visible in the field. 
Fluvial stream-terrace deposits are found along the edges of this extensive flood plain. 

GEOPHYSICAL RESULTS AND MODELS 

Geophysical data within the study area include 338 gravity stations and 21 seismic-re
fraction lines with 18 corresponding resistivity soundings. The geophysical stations are lo
cated in Figure 2. As illustrated in Figure 2, gravity stations are spaced at 100 meters or less 
and cover a distance of 19 miles. Water-well data include information from 130 domestic 
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wells. Seismic and corresponding resistivity surveys provide depth-to-bedrock control for the 
gravity study where water-well logs are not available. Seismic and resistivity data also pro
vide depth-to-water and data essential to evaluate the saturated thickness and general composi~ 
tion of the subsurface materials. 

Figure 4 illustrates stratigraphic columns representing results of modeling seismic re
fraction and electrical resistivity data. 17 seismic-refraction lines, located in Figure 2, were 
conducted for this study. The MGS Significant Sand and Gravel Aquifer Mapping project 
(Tepper and others, 1985) conducted 4 additional seismic lines. All lines provided minimum 
estimates for depth-to-bedrock, depth-to-water, and thickness of unconsolidated materials, 
both saturated and unsaturated. 

Seismic velocities provide insight into the composition of the unconsolidated material 
(Kearey and Brooks, 1984). For example, the top layer of the seismic-refraction models have 
a seismic velocity range of 0.3 to 0.5 km/s. These values fall within accepted ranges for un
saturated unconsolidated sediment. In general, the seismic velocity of the second layer ranges 
from 1.3 to 1.6 km/s. These values fall within accepted ranges for saturated unconsolidated 
sediments. Seismic velocities were calculated to be 2.2 to 2.3 km/s for second (or third) layer 
in lines 2 and 9. These velocities represent saturated till, recording the higher density and 
lower porosity of till. The deepest seismic layer velocity, 4.0 km/s, represents bedrock. In 
some cases, the depth of this interface could be a minimum depth-to-bedrock as the presence 
of a thin till layer could mask or appear similar to the bedrock. Calculations indicate that till 
would have to be a minimum of 20 feet thick to be visible at depths greater than 100 feet. 

Utilizing seismic depth-to-bedrock data for control, resistivity models aid in the char
acterization of saturated unconsolidated materials. Resistivity values and their stratigraphic 
interpretation for Maine surficial deposits are illustrated in Table 1. Although resistivity sur-

TABLE 1. Resistivity values of surficial deposits in southern Maine and New Hampshire 
(Birch, 1989). 

Lithology 

Till (wet) 
Till (dry) 
Sand and gravel (ice contact deposits) 

(wet) 
(dry) 

Glaciomarine mud 
Sandy clay 
Silty sand (shallow marine deposits) 

(wet) 
(dry) 

JOO 

Resistivity (ohm-m) 

200-700 
800-2000 

1000-2000 
2,000-20,000 
50-100 
100-125 

200-800 
1000-2000 
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veys were conducted at most seismic-refraction stations, not all provided reliable data. Instru
ment limitations result in questionable data for soundings 1, 11, 13, 14, 17 and 18. However, 
data are modeled from soundings 1, 11, 13 and 18 with confidence to a depth of 65-98 feet. 
Lateral variability of surficial deposits provide questionable results for soundings 5 and 15. 

Identification of potential water-bearing deposits is the most significant hydrogeologic 
result of the resistivity method. Resistivity soundings 1, 10, 11, 12 and possibly 13 and 18 in
dicate material with relatively higher resistance such as saturated sand and gravel beneath 
glaciomarine mud. Soundings 3, 4 and 7 illustrate locations where sand and gravel deposits 
are not located beneath the glaciomarine mud. 

Recognition of till in resistivity models is problematic since resistivity values for wet 
till and wet silty sand are comparable (Table 1). However, interpreted with seismic evidence, 
line numbers 2 and 9 suggest a lower layer of till over bedrock. The integrated approach util
ized in producing the stratigraphic columns in Figure 4 is best illustrated at geophysical sta
tions #3 and # 1 O~ Seismic refraction data analysis provides depth-to-bedrock data at 
geophysical station #3. The corresponding electrical resistivity survey indicates that a less re
sistive layer (saturated glaciomarine mud) lies at depth. In geophysical line #10, seismic re
fraction results provide a depth-to-bedrock. Resistivity models, constrained by the seismic 
results, indicate that saturated sand and gravel deposits must lie beneath the glaciomarine mud 
deposits. 

The resistivity models consistently placed the water table at a shallower depth within 
fine-grained sediment such as clay, sandy clay or silty sand than did seismic-refraction mod
els. This results from the capillary effect which lowers the resistivity of materials without al
tering the seismic velocities. The capillary fringe is larger with fine-grained materials and 
even larger for materials with a high percentage of clay (Freeze and Cherry, 1979) producing 
the observed discrepancy. 

Gravity data can be used to locate buried bedrock valleys. Bouguer gravity correc
tions are applied to field data according to methods described in Telford and others (1976). 
The computed margin of error in this study is+/- 0.07 mgal. The regional gravity field is cal
culated from gravity measurements obtained on bedrock outcrops throughout the study area. 
The regional field is then subtracted from the Bouguer gravity map, resulting in the residual 
gravity map illustrated in Figure 5. 

The residual gravity anomaly map, Figure 5, illustrates a -2.2 mgal gravity anomaly 
within the north-central section of the map along the Androscoggin River. This anomaly iden
tifies an area of thick surficial deposits overlying bedrock; a potential bedrock valley. As ex
pected, gravity anomalies are absent from the bedrock ridges. One of these ridges trends 
northeast to southwest from South West Bend to West Durham. The other ridge occurs in the 
northwestern portion of the study area along Stack Pole Road. The absence of a negative 
anomaly within the bedrock ridge precludes any channel passing through it. A regional grav
ity study within the Lewiston and Freeport 15-minute quadrangles (Davis, 1987) substantiates 
anomalies computed in this detailed study and closure on the large-scale gravity low along the 
Androscoggin River. 
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TABLE 2. Densities of sediments from Telford and others (1976) and of bedrock from Bither 
and others (1989) and Hodge (1982). All lithologies are saturated unless noted. 

*=Values of Eaton and Watkins (1967). 

Lithology 

Alluvium 
Clay 
Glacial Drift 
Gravel 
Sand 
Sand & Clay 
Silt 
Dry Alluvium 
Dry Sand 
Dry Clay 
* Stratifed Drift 
*Till 
Granite (Hodge) 
Granite 
Pe lite 
Rusty Schist 
Granofels 
Cale-silicate 

Density (gm/cm) 

1.96-2.00 
1.63-2.60 

1.80 
1.70-2.40 
1.70-2.30 
1.70-2.50 
1.80-2.20 
1.50-1.60 
1.40-1.80 
1.30-2.40 
1.88-2.40 
2.08-2.36 

2.62 
2.60-2.66 
2.72-2.99 
2.74-2.77 

2.75 
2.80-2.81 

TABLE 3. Density values interpreted from Table 2 and used in gravity models 
of profiles A-A' through G-G' located in Figure 2 

and illustrated in Figures 6 through 9. 

Density Geologic Stratigraphic 
(gm/cc) Interpretation Interpretation 

1.54 unsaturated sand, gravel Alluvium 
1.8 unsaturated silt, sand, clay Shallow marine 
1.7-1.8 saturated sand, gravel Esker, submarine fan 
1.9-1.93 saturated sand, some gravel Esker, submarine fan, 

shallow marine 
2.0-2.04 saturated sand, silt, clay Esker, submarine fan 

shallow marine 
2.2-2.37 saturated mud Glaciomarine 
2.2-2.25 saturated diamict Till 
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Gravity models estimate the configuration of the bedrock surface through modeling 
the thickness of unconsolidated materials over bedrock (Gravity modeling program by Envi
ronmental Simulations Lab, 1985). Figures 6 through 9 illustrate the results of modeling re
sidual gravity data. In 2-D modeling of gravity data, determination of density values and 
polygon dimensions must consider several factors. They include: the surficial geology; the 
Quaternary stratigraphy; nearby water-well logs; and seismic and resistivity results. Publish
ed density values of unconsolidated material and density measurements of bedrock samples 
from the study area are illustrated in Table 2. The interpretation of density values used in 
gravity models A-A' through G-G' are illustrated in Table 3. Density values for unconsoli
dated materials vary significantly due to variations in porosity and grain density. In general, 
dry highly porous material has a lower density than poorly sorted compact till. Values for 
saturated sand and gravel and clay fall between these values. 

The study area is on the southeastern margin of the Sebago batholith which is com
posed of medium-grained biotite-muscovite granite (Hussey, 1985). Granitic pegmatite pre
dominates in outcrops throughout the field area. Xenoliths of varying metasediments occur 
within the exposures. For gravity modeling, bedrock densities are assumed uniform with an 
average density of2.62 gm/cc. Therefore, 2.62 gm/cc represents bedrock in Figures 6 
through 9 while lower densities represent unconsolidated deposits. 

Water-well logs and seismic data provide control points for gravity models. All mod
els reflect sediment thickness to within ten percent of the control depths except: where the 
thickness of unconsolidated material is less than 40 feet, and where control points lie more 
than 50 feet away from the profile line. Models are within+/- 10 feet where unconsolidated 
materials are thin. Intersections of profiles also provide control for material densities; model 
densities correlate to within 10% between intersecting profiles. However, there is an edge ef
fect in the modeling program. Therefore, sediment thickness modeled within about 650 feet 
of profile edges are not reliable. Gravity profiles are based on a horizontal datum model. 
Therefore, bedrock surfaces represent depth below the ground surface and are not corrected 
for changes in topography. 

Profile A-A' (Figure 2 and 6) extends along the Androscoggin River into South West 
Bend. This profile trends nearly perpendicular to previously proposed pre-glacial bedrock 
channels of the Androscoggin River. In the central portion of the profile dry sand and gravel 
(1.54 gm/cc) of the Androscoggin River flood plain overlie glaciomarine mud (2.2 gm/cc) 
and 130 feet of saturated sand and gravel (1.7, 1.93 gm/cc) ofice-contact deposits. No well 
or geophysical data provide definitive bedrock depths within this portion of the anomaly. 
Therefore, this model provides a minimum thickness of sediment with the lowest reasonable 
density configuration. Modeling with denser glaciomarine mud (2.25 gm/cc) requires 500 feet 
of unconsolidated material to produce the observed anomaly. Assuming saturated sand (2.01 
gm/cc) a thickness of 325 feet would be required to produce the observed anomaly. The west
ern edge of the profile represents till (2.25 gm/cc) while silty sand (2.02 gm/cc) of shallow 
marine deposits overlie glaciomarine mud (2.2 gm/cc) to in the east. 

Profile B-B' (Figure 2 and 6) includes bedrock points on the eastern and western 
edges. The western side of the profile represents saturated sand, silt and clay (2.0 gm/cc) 
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overlying up to 130 feet of saturated sand and gravel (1. 7 gm/cc) in an esker segment. A 
thick sequence of glaciomarine clay (2.32 gm/cc) drapes the esker to the east. 

Profile C-C' (Figure 2 and Figure 7) trends perpendicular to a hypothesized pre-gla
cial channel (Figure 1) down valley from the largest anomalies identified in profiles A and B. 
Clay, silt, and sand (2.0 gm/cc) deposited in a shallow marine environment overlie saturated 
sand and gravel ( 1. 7 gm/cc) of an esker segment in the western half of the profile. Glacioma
rine mud (2.2 gm/cc) drapes saturated sand and gravel (1.8 gm/cc) of esker deposits to the 
east. 

Profile D-D' (Figure 2 and 7) trends west to east across the major submarine fan com
plex in the southern part of the field area. Saturated glaciomarine mud (2.2 gm/cc) overlie, or 
interfinger with silty sand (2.04 gm/cc) of the submarine fan. The sand and gravel (1.7 
gm/cc) of the submarine fan range in thickness up to 130 feet. Shallow marine sand and 
gravel (1.9 gm/cc) overlie glaciomarine mud to the east. However, this area was modeled as 
one unit with a density of 1.9 gm/cc. This may result in thicker predicted surficial deposits 
than actual thicknesses. 

Profile E-E' (Figure 2 and 8) trends south to north along Davis Road from Profile D to 
Profile A. Glaciomarine mud (2.2 gm/cc) drape over the silty sand (2.04 gm/cc) of the esker 
segment in the south. Sandy clay (2.0 gm/cc) and glaciomarine mud (2.2 gm/cc) are present 
across the remainder of the profile. 

Profile F-F' (Figure 2 and 8) trends south to north along Route 9. Unsaturated and 
saturated sand and gravel (modeled as one unit, 1.7 gm/cc) of the submarine outwash fan oc
cur in the southern portion of the profile. Till (2.2 gm/cc) overlies bedrock. A sequence of 
shallow marine silty sand ( 2.02 gm/cc) overlie glaciomarine mud (2.2 gm/cc) to the north. 
Models of thicker glaciomarine mud overlying sandy ice-contact deposits produce similar 
anomalies. However, no definitive evidence supports confined aquifer conditions within this 
area. 

Profile G-G' (Figure 2 and 9) trends south to north along Route 136. Sand and gravel 
(1.9 gm/cc) of shallow marine deposits overlap the bedrock in the southern section. Silty 
sand (2.0 gm/cc) of shallow marine deposits on the northern edge of the profile overlie 
glaciomarine mud and/or till (modeled as one unit, 2.37 gm/cc). Glaciomarine mud (2.2 
gm/cc) is modeled in the central section of this profile. It ranges in thickness up to 150 feet. 
However, geophysical results (#18, Figure 4) suggest that a minimum of IO feet of this mate
rial is sand and possibly sand and gravel. 

HYDROLOGY 

The study area lies predominantly within the lower Androscoggin River Valley water
shed. Four small watersheds can be delineated based on surface-water drainage patterns; Ger
rish Brook, Dyer Brook, Runaround Pond, and Chandler Brook, Figure 10. Surface water 
flow is predominantly to the north in the Gerrish Brook and Dyer Brook watersheds. In the 
southwestern section of the field area, surface water of the Runaround Pond watershed flows 
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·south toward Chandler Brook. The surface water in the southeastern comer of the field area 
flows south in the East Branch watershed, a tributary of Chandler Brook. 

Water-well data were obtained from a number of different sources. Twenty-one water
well logs were provided by the USGS, and 81 were provided by the MGS. These reports 
were supplemented by 28 collected by the author. In general, the highest yielding water wells 
in unconsolidated material are found in the submarine-fan complex in the south central sec
tion of the study area. However, many water wells located in thick sequences of shallow ma
rine sediments yield adequate water for residential use. 

An isopach map of thickness of unconsolidated material is compiled from gravity 
models, Figure 11. Water-well and geophysical data indicate that the water table usually lies 
within 10 feet of the surface. Hence, Figure 11 closely approximates a map of saturated thick
ness. Three exceptions to this where the ground water table lies at depths greater than 10 feet 
are: along the Androscoggin River; in the submarine-fan complex; and in the coarse-grained 
deposits lying beneath the glaciomarine mud along Peter Vier Road. 

Each watershed within the study area contains distinctive aquifers, Figures 10 and 12. 
For the purposes of this study, an aquifer refers to saturated, permeable, unconsolidated mate
rial that can yield enough water for residential use, i.e. a minimum of 2-5 gpm. The bedrock 
aquifer was not investigated in this study. Figure 12 is developed by combining results from 
gravity and geophysical modeling with geologic mapping. 

Although the Gerrish Brook watershed may contain the thickest sequence of uncon
solidated material, it is almost entirely confined. Geophysical data and water-well logs do not 
provide definitive thicknesses or compositions of unconsolidated materials along the Andro
scoggin River north of Durham. The unconfined conditions within the Gerrish Brook water
shed exist w~thin esker segments which are overlain by shallow marine sediments. The 
Runaround Pond watershed contains both unconfined and confined aquifer conditions. Un
confined sand and gravel of the submarine-fan complex and esker segments yield the most 
water. The unconfined aquifer within the East Branch watershed is composed of a sequence 
of shallow marine sediments overlying glaciomarine mud. The Dyer Brook watershed C?On
sists of variable thicknesses of unconfined shallow marine sediments overlying glaciomarine 
mud. Geophysical evidence indicates that aquifers in the western half of the map are hydrauli
cally connected; however, further information, such as a pump test, is needed to confirm this. 

Figure 12 illustrates the confined and unconfined aquifers within the study area. Con
fined aquifer # 1 contains a saturated thickness of sand, beneath the glaciomarine mud, rang
ing from 24-44 feet on Bowie Hill Road up to a potential 115 feet thick at the end of Davis 
Road. Transmissivity estimates suggest that there is potential for water yields at least ade
quate for residential use within this aquifer. 

Confined aquifer #2 (Figure 12) possibly contains ice-contact deposits overlain by 
glaciomarine mud and alluvium. However, lack of definitive depth-to-bedrock data within 
the lowest portion of the gravity anomaly make it difficult to define aquifer potential. Since 
one water well within this area reaches 160 feet in depth and yields 100 gpm (Williams and 
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Lanctot, 1985), aquifer characteristics most likely lie between the two possible extremes cal
culated with gravity modeling of: 150-200 feet of sand and gravel beneath the glaciomarine 
mud, and 465 feet of glaciomarine mud. More geophysical data, i.e. seismic refraction with 
an explosive source, reflection on the Androscoggin River, or wate~-well data is needed to fur
ther define the potential of this aquifer. 

Unconfined aquifers are illustrated in Figure 12 by the ruled and stippled patterns. 
The large unconfined zone on the eastern edge of the map represents a thick sequence of shal
low marine deposits overlying glaciomarine mud. This sequence of shallow marine deposits 
ranges in thickness from 26 feet of sand, silt and gravel in the south to 131 feet in the mid sec- · 
tion. The shallow marine deposits in the South West bend area range in thickness up to 86 
feet with thickness greater than 100 feet near Strout cemetery. Water-well logs confirm the 
availability of water within this zone. 

Water-well data and geophysical evidence of saturated thickness and stratigraphy sug
gest that water wells located within the unconfined esker segments (stippled pattern in Figure 
12) will at a minimum provide water yields adequate for residential use. The larger uncon
fined esker segments (ruled in Figure 12) have the potential to yield 50 gpm, while water 
wells located within the submarine-fan complex (ruled pattern in Figure 12) have the poten
tial to yield greater than 75 gpm. 

DISCUSSION AND CONCLUSIONS 

Pre-glacial drainage patterns in the Durham area of Maine are illustrated by the bed
rock-elevation map, Figure 13. This map results from all gravity, seismic, resistivity and 
water-well data. Depth-to-bedrock values obtained through gravity modeling have been ad
justed to bedrock elevations. While surface water drainage is not restricted to bedrock pat
terns, the bedrock elevations do provide constraints on drainage patterns. A bedrock low area 
(-100' asl) is present in the northern half of the field area. Data from Davis (1987) support the 
premise that this is a closed bedrock depression. This closed depression most likely is due to 
overdeepening of the bedrock due to structural weaknesses causing differential weathering. 
Depressions such as this are not uncommon and are known to occur along other major river 
systems such as the Saco (C. Johnson, pers. comm., 1989). This area may represent more eas
ily erodible bedrock for a number of reasons. Possibilities include: it lies within the contact 
of the Sebago or another mapped Devonian pluton; it lies in an area of more easily weathered 
bedrock such as a calc-silicate xenolith; or the area lies within the southwestern extension of 
the mapped Maxwell Swamp Fault identified by Hussey (1981). 

The bedrock gradient within the southern half of the study area is predominantly to 
the south and is separated from the closed depression to the north by a bedrock ridge at a 
maximum elevation of 150', Figure 13. The contours on Figure 13 in the Gerrish Brook val
ley may also be drawn with the east west trending bedrock ridge occurring between 100 and 
150' instead of the illustrated 150'. A south-grading bedrock valley originates from this 
ridge; other south- grading bedrock valleys are visible in the southeastern comer of the study 
area. If pre-glacial water levels, or overburden, reached the present 100-150' bedrock eleva-
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tion, surface-water drainage could have flowed south from South West Bend to West Durham 
along Route 136 or southward through the Gerrish Brook valley (dashed lines in Figure 13). 

The Quaternary history of the area is refined by geophysical field work, and is useful 
for understanding hydrology. A major englacial drainage channel within the late Wisconsi
nan Ice Sheet paralleled the lower Androscoggin River as far south as Durham, Maine, evi
denced by numerous esker segments leading to the submarine-fan complex in West Durham. 
The ice retreated relatively quickly through the area due to calving effects from contact with 
marine water and low topographic relief. However, retreat was interrupted by numerous, per
haps annual, forward oscillations and as ice pinned on topographic highs. During these inter
ruptions, material deposited in front of and below the ice in a submarine environment. The 
interruptions are recorded by many small DeGeer moraines and submarine-outwash fans. 
Submarine-outwash fans were constructed where meltwater streams flowed from glacial tun
nels at the sea floor. As illustrated in the largest submarine fan in West Durham, the sedi
ments originated at fan heads along the bedrock ridge to the north and grade distally to the sea 
floor towards the south. Along the ice margin the fan contains submarine outwash sand and 
gravel. Glaciomarine mud, the Presumpscot Formation, accumulated within the submarine 
environment as the' ice front receded. The massive muds would have been deposited in 
deeper, quieter water while the silt and sand would be deposited in shallower water. 

Post-glacial sea level reached a maximum of at least 31 O' above present sea level evi
denced by shallow marine sediments draping the highest elevations (310 '); water depths 
ranged from 10 to 200'. Isostatic emergence resulted in the redistribution of glacial deposits 
as they emerged through wave base. Shallow marine deposits overlying the submarine fan in 
West Durham are thick, coarse-grained, steeply dipping, and reach an elevation of 31 O'. As 
isostatic emergence progressed, ice-contact sand and gravel over the esker segments and till 
overlying bedrock ridges were redistributed and reworked. In general, this results in coarser
grained shallow marine deposits located in areas of higher topographic relief and finer
grained shallow marine sequences located in valleys or areas of low topographic relief. 

Once the submarine-fan complex and esker segments emerged, the present surface
water drainage patterns began to develop. Surface-water drainage divides were established 
along the esker segment crests. As the bedrock ridge from South West Bend to West Durham 
emerged, it acted as a barrier to erosion, deposition and surface water flow from the north
west. Glacial deposits were redistributed and deposited in front (to the east of) and behind (to 
the west of) the ridge in a shallow nearshore environment. 

As sea level approached the present 170' elevation (or as outwash eroded to the pre
sent 170' elevation), the Androscoggin could have flowed southward toward West Durham to 
the west as well as to the east of the bedrock ridge. Flow could have continued during this 
time southward through Southwest Bend along Route 136 toward West Durham, evidenced 
by abundant shallow marine deposits to the east of the ridge; a thin sequence is present to the 
west. Once sea level dropped below the present 170' elevation, material behind (to the west 
of) the ridge was eroded by north and south grading drainages. As sea level dropped or Holo
cene erosion progressed the present course of the Androscoggin became established. 
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Eolian processes were active within the unvegatated emergent landscape. Since that 
time, Holocene erosion has incised stream valleys through glacial and glaciomarine sediments 
depositing alluvium. The thickest sequence of alluvial deposits occurs along the flood plain 
of the Androscoggin River. Numerous wetlands also developed within topographically re
stricted areas due to the low permeability of the glaciomarine sediments. 

Excellent potential exists for ground-water resources within the unconsolidated mate
rial of the study area. Good potential exists for wells yielding 10-50 gpm in the unconfined 
shallow marine sediments to the east of the bedrock ridge that trends from South West Bend 
to West Durham, and in the unconfined esker segments. While precise limits are not defined 
for the confined aquifer within the deep closed depression along the river, good potential ex
ists for water-well yields greater than 50 gpm. Geophysical evidence suggest that the con
fined and unconfined aquifers to the west of the bedrock ridge that trends from South West 
Bend to West Durham are hydraulically connected. 

In conclusion, no major south-grading bedrock channel originates in the South West 
Bend area of Durham. An east-west trending bedrock ridge in the center of the study area, 
separates a closed bedrock depression to the north, from a south-grading.bedrock valley. 
Other south-grading bedrock valleys are defined on the east side of the bedrock ridge that 
trends from South West Bend to West Durham. Pre-glacial surface water drainage could 
have flowed south from the closed depression if water levels or overburden filled the closed 
depression or if glacial erosion has overdeepened the area. If pre-glacial water levels or over
burden reached the present bedrock elevation of 100-150', surface-water drainage could have 
flowed south through South West Bend to West Durham or through the Gerrish Brook valley 
to West Durham (dashed lines in Figure 13). The thickness of shallow marine deposits to the 
east of the bedrock ridge indicate that post glacial drainage did occur in a southward direction 
from Southwest Bend until water levels dropped below the present 170' elevation. At that 
time the present course of the Androscoggin was established. This Quaternary history results 
in ice contact and shallow marine deposits which contain abundant water resources. 
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post-glacial marine submergence. Dashed lines on the site enlargement represent previously 
hypothesized pre-glacial or bedrock river channels; westerly channel from Caswell (1978); 
easterly channel from Prescott (1968), Tepper and others (1985) 
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Figure 2. Geophysical data stations. Triangles = seismic refraction and resistivity stations la
belled with numbers. S = MGS/USGS seismic refraction station. Large letters refer to grav
ity profiles, such as A-A'. Circles= gravity stations. 
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Figure 3. Surficial geologic map, See text for a more detailed discussion of the units. 
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Explanation for Surficial Geologic Map 

Ha Stream alluvium. Sand and silt with some gravel. 

Hws Wetland, swamp. Peat silt, clay and sand. Poorly drained, often with standing 
water. 

Qmv Mixed veneer. Thin, discontinuous veneer of till or waterlaid sediments overly
ing bedrock. 

Qe Eolian deposit. Yellowish-brown fine sand. 

Pmn Shallow marine deposit. Sand, gravel, and silt. 

Pp Presumpscot Formation (silty/clayey facies). Massive to laminated silt and clay. 

Pm Presumpscot Formation (undifferentiated). Massive to laminated silt and silty 
clay with massive to stratified sand in gradational contact with Pp in areas too 
small to map separately. 

Pmf Submarine fan deposits. Interbedded sand, gravel, and silt with cobbles and boul
ders. 

Pge Esker deposits. Sand and gravel with cobbles and bulders. 

Pt Till. Poorly sorted silt, sand, pebbles, cobbles, and boulders. 

Bedrock outcrops. Ruled where surficial deposits are generally thin 
ters). 

DeGeer moraine. Barbs point in direction of ice movement. 
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Figure 5. Map ofresidual gravity values in the Durham, Maine, area. Contour interval 0.2 
mgal. Star= gravity station (see Figure 2). 
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Figure 6. Gravity models for profiles A-A' and B-B' (see Figure 2). In each case the upper 
graph shows the residual gravity anomaly (lighter dashed line) and the calculated gravity 
anomaly (darker dashed line) based on the model shown in the lower graph. Densities (in 
gm/cc) are shown for each model unit. Interpretation of the density values is based in Table 
3. Control data for the models are as follows: circles= water wells; squares= geophysical sta
tions. Letters are intersecting gravity profiles. Filled symbols represent minimum depth-to
bedrock data. 
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Figure 7. Gravity models for profiles C-C' and D-D' (see Figure 2). In each case the upper 
graph shows the residual gravity anomaly (lighter dashed line) and the calculated gravity 
anomaly (darker dashed line) based on the model shown in the lower graph. Densities (in 
gm/cc) are shown for each model unit. Interpretation of the density values is based in Table 
3. Control data for the models are as follows: circles = water wells; squares = geophysical sta
tions. Letters are intersecting gravity profiles. Filled symbols represent minimum depth-to
bedrock data. 
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Figure 9. Gravity models for profile G-G' (see Figure 2). The upper graph shows the resid
ual gravity anomaly (lighter dashed line) and the calculated gravity anomaly (darker dashed 
line) based on the model shown in the lower graph. Densities (in gm/cc) are shown for each 
model unit. Interpretation of the density values is based in Table 3. Control data for the mod
els are as follows: circles= water wells; squares= geophysical stations. Letters are intersect
ing gravity profiles. Filled symbols represent minimum depth-to-bedrock data. 
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Figure 11. Isopach map (in feet) of unconsolidated surficial material in the Durham, Maine, 
area. Contour interval 50 ft. Star = gravity station (see Figure 2). 
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Figure 12. Ground water resources. 

&Jk Unconfined aquifer conditions. Water yields available for residential use (2-
10 gpm) and potential yields of 10-50 gpm. 

@ Unconfined aquifer conditions. Potential for water yield > 50 gpm. 

Cl Confined aquifer conditions. Potential for residential use water yields (2-10 
gpm). 

C2 Confined aquifer conditions. Water yields available for residential use (2-10 
gpm) and potential yields> 50 gpm. 

Unmarked areas are zones of unconsolidated material, or thin drift over bed
rock, with little yield potential. 

124 



Quaternary Stratigraphy and Hydro/ogic Significance .... 

I I / 
/ I I 

I~() I 
/ I 

/" -
\ ) *riD 

.) ( 

,,r 
_/ 

"' ) 
I 

J 

r 

) 

Figure 13. Bedrock topographic map (in feet above mean sea level) in the Durham, Maine 
area. Contour interval 50 ft. Dashed lines represent possible south grading channels if 
water or overburden reached the 10-150 foot elevation with the depression along the river. 
Star= gravity station (see Figure 2). 
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Abstract 

The development of water table mounds beneath subsurface waste disposal systems (even small 
systems) in areas where the seasonal water table is relatively high and soil conditions are less than optimal 
may be a severe constraint on the use of these disposal systems. The purpose of this short paper is to re
view a number of factors that control mounding beneath waste disposal systems, look at some of the pre
viously published literature in the area, and describe an interactive mound estimation program developed 
using Hantush's (1967) equations for predicting mound height under conditions of axisymmetric artificial 
recharge. Hantush's 1967 solutions to the growth of water table mounds under axisymmetric recharge are 
shown to provide results comparable to those generated by the U.S. Geological Survey MODFLOW finite 
difference ground water model for simple test cases. The analytical solutions are not capable of dealing 
with much the complexity found in actual field situations, but there are many instances when the available 
field data does not justify the time and expense of developing a numerical ground water model. In these in
stances, the HANTUSH program presented here is a useful tool for rapidly evaluating potential mounding. 
A copy of the program with instructions for use can be obtained from the author. 

INTRODUCTION 

Predicting the effects of artificial recharge on the configuration of the water table is a 
commonly studied problem in ground water mechanics (for example Baumann (1952), 
Glover (1961), Hantush (1967), and others). The reasons for the interest in this problem 
come from the use of artificial recharge to unconfined aquifer systems as a water resources 
management tool in arid regions and the need for accurate design tools for moderate to large 
subsurface waste disposal systems. 

The development of water table mounds beneath subsurface waste disposal systems 
(even small systems) in areas where the seasonal water table is relatively high and soil condi
tions are less than optimal may be a severe constraint on the use of these disposal systems. 
The purpose of this short paper is to review a number of factors that control mounding be-
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neath waste disposal systems, look at some of the previously published literature in the area, 
and describe an interactive mound estimation program developed using Hantush's (1967) 
equations for predicting mound height under conditions of axisymmetric artificial recharge. 

EFFLUENT FLOW BENEATH WASTE DISPOSAL SYSTEMS 

Reviewing Maine's subsurface waste disposal rules (Frick, 1987; State of Maine, 
1980-86) it is apparent that the accepted methods of site evaluation for subsurface waste dis
posal are primarily concerned with one goal: siting and designing a system that will success
fully allow the necessary volumes of liquid waste to infiltrate through the unsaturated zone to 
the water table. This is understandable because of the serious potential health effects (not to 
mention aesthetic effects) in systems that fail and suffer "breakout" of septic effluent near the 
system's leach field. As a result, the site evaluation methods employed in Maine are designed 
to evalute the capability of the soils beneath the system to allow effluent to infiltrate unsatu
rated soil and reach the water table. Some consideration of possible ground water mounding 
on the water table is provided in the relation between leach bed area, effluent volume, and soil 
type, and by requiring a minimum separation between the bottom of the leach bed and the 
water table (or restrictive layer), but no rigorous consideration of mounding is required by the 
subsurface waste disposal rules. 

Th,e physical processes that control the development of a mound beneath a source of 
artificial recharge are very different from the processes that control the movement of effluent 
to the water table, however. Consider a leach field (or other source of artificial recharge) 
overlying a horizontal water table bounded below by an effectively impermeable (bedrock) 
surface (figure 1 ). Effluent moves from the leach field to the water table essentially vertically 
through a dominantly unsaturated zone under a unit hydraulic gradient. Once the effluent 
reaches the water table, however, additional vertical movement is greatly reduced. The addi
tional recharge must be removed from beneath the leach field by horizontal movement in the 
saturated zone under a (predominantly) horizontal hydraulic gradient - the gradient produced 
by the growth of a mound on the water table. In the transition from vertical, unsaturated flow 
to horizontal, saturated flow, the most important factor is the change from a unit hydraulic gra
dient to a hydraulic gradient much less than 1. 

The first process - vertical infiltration through the unsaturated zone - can be described 
by the equations for flow through unsaturated porous media. As described in Freeze and 
Cherry ( 1979) and other texts, these equations are complicated by the dependence of the pres
sure head and hydraulic conductivity on the soil moisture content. Under constant loading, .. 
however, soil moisture contents beneath a leach field may approach saturated conditions and 
the vertical infiltration of effluent to the water table will approach flow through a saturated 
media under unit hydraulic gradient. 

The second process - lateral flow away from the zone beneath the leach field - can· be 
described by the standard equations for flow through a saturated porous media (Freeze and 
Cherry, 1979). The rate of lateral flow under steady state conditions depends on the saturated 
hydraulic conductivity, the saturated thickness, and the horizontal hydraulic gradient. Under 
a constant recharge rate, a mound will develop until the induced horizontal gradient is ade-
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Figure 1. Geometry of circular and rectangular recharge basins. 

quate to balance the fluxes into and out of the zone beneath the leach field for a given leach 
field geometry, saturated thickness, and recharge (loading) rate. 

The relation between equilibrium mound height, horizontal hydraulic gradient, leach 
field geometry, and saturated thickness is not always fully appreciated. For example, it is gen
erally accepted that you cannot simply scale up the recommended dimensions for a leach field 
for a single family home to handle effluent for a cluster development. The reason is that even 
with everything else being equal, as the distance from the center to the edge of the leach bed 
increases, the height of the mound must increase proportionately to maintain the induced hori
zontal gradient required to balance the recharge with flow horizontally from beneath the leach 
field. Eventually, this will lead to the mound reaching the bottom of the leach bed and failure 
of the system. 

The use of long, narrow chambers for leach beds in large volume systems is fre
quently recommended in order to increase the cross-sectional area, reduce the distance from 
the center of the chamber to the edge of effective leach bed, and minimize the mound height 
necessary to generate the required horizontal gradient for a given hydraulic conductivity, satu
rated thicknesss, and loading rate. This is reflected in the Maine subsurface waste disposal 
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rules, where the design surface area for a trench may be several times smaller than a bed for a 
given volume of effluent. Where multiple beds or trenches are used, however, these units 
must be spaced sufficiently far apart to avoid interference problems, or mounds beneath indi
vidual units may grow large enough to cause system failure. 

Even in this simple analysis, the number of factors that must be considered when quan
titatively assessing mounding beneath artificial recharge systems (including waste disposal 
systems) is large. Recognizing the economic impacts of misjudging the potential for mound
ing, the published ground water literature contains a number of solutions for predicting the 
growth of water table mounds for various geometries of artificial recharge basins and bound
ary conditions. The next section reviews a number of these solutions. 

ANALYTICAL SOLUTIONS TO PREDICTING MOUND HEIGHT DUE TO ARTIFI
CIAL RECHARGE 

The rise of the water table beneath a source of vertical recharge is governed by the fun
damental physical principle of the conservation of mass (flow) and the constitutive relation
ship expressed in Darcy's Law relating flow to the hydraulic gradient and hydraulic 
conductivity. The boundary conditions at the water table (free surface) are non-linear and the 
resulting differential equations are difficult to solve analytically. Simplifications involving 
the Dupuit-Forchheimer assumption have been used to provide solutions for simple cases of 
ground water flow under unconfined conditions (see, for example, Freeze and Cherry (1979) 
or Fetter (1980)). 

Early analytical solutions to the mounding problem developed by Baumann (1952) 
·and Glover (1961), in addition to the usual assumptions regarding homegeneity and isotropy, 
were valid only for cases where the rise in the water table was small (less than 2%) relative to 
the initial saturated thickness of the underlying aquifer. 

Hantush (1967) presented solutions to the mounding problem involving linearization 
of the Dupuit assumption. The solutions were developed for an infinite aquifer with the 
boundary condition h=ho at (x,y) equal to 4. These solutions have been shown to deviate from 
experimental results by less than 6% for mound heights up to 50% of the initial saturated 
thickness (Marino, 1967). 

A review paper by Allen (1980) provides a concise summary of a number of these 
(and other) solutions for circular recharge basins in terms of the problem of mounding be
neath waste disposal systems. An additional approximate solution to the problem for circular 
basins is developed, and a comparison of mound heights calculated by various methods is pre
sented for a number a cases, including "worst case" conditions permitted by New Hamphire's 
subsurface waste disposal regulations at the time the paper was written. 

Subsequent work by Rao and Sarma (1980) extended Baumann's and Hantush's solu
tions for an infinite strip basin to boundary conditions for a finite aquifer. In this case, h=ho 
at some finite distance from the recharge basin. These solutions for finite aquifers were shown 
to be accurate over much a much wider range of mound heights than the solutions for infinite 
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· aquifers. As discussed below, the effect of lateral controls can also be considered using the 
method of images. 

Most recently, Morel-Seytoux and others (1990) have presented a series of solutions 
for circular recharge basins that include the effects of change in storage capacity (unsaturated 
pore space) below the recharge basin with time and the effects of differing values of horizon
tal and vertical hydraulic conductivity, Ktt and Kv. They demonstrate that the reduced stor
age capacity below the infiltration basin may have a significant effect on the mound height 
beneath the basin. The effects of reduced storage capacity for long times after recharge be
gins may be considered using Hantush's solutions ifthe post-recharge (reduced) storage coef- · 
ficient is used for the effective porosity. The solutions will not be accurate for short times 
after recharge begins; judging from figure 5 in Morel-Seytoux and others (1990), "short 
times" means times less than 4-6 days after recharge begins. More significantly, the ratio 
KH /Kv may also have a significant effect on the mound height beneath the basin. Since lat

eral flow away from zone beneath the basin is the true control on mound height, large values 
of KH /Kv will reduce the mound height. 

THE HANTUSH INTERACTIVE MOUND ESTIMATION PROGRAM 

In his 1980 review, Allen (1980) presented a list ofreasons why mound heights calcu
lated using the solutions he summarized might vary from field results. These reasons include 
problems of aniostropy, inhomogeneity, lack of validity of the Dupuit-Forchheimer assump
tion, lateral flow through the unsaturated zone, vertical flow through the "impermeable" 
lower confining layer, non-ideal geometry (sloping or irregular lower impenneable layer), 
chemical effects, and others. Without belaboring the point any further, it is clear that analyti
cal solutions cannot include all the complexities of actual field conditions. Numerical solu
tions will outperform analytical solutions where there is significant spatial variability of 
hydraulic properties or an irrgular geometry in the modeled area. In many cases, however, 
there is generally too little field data to warrant the development of a 2- or 3-dimensional satu
rated flow model (Trescott, Pinder and Larson, 1976; MacDonald and Harbaugh, 1988). 
There is, then, a place for a well constructed analytical solution to mounding problems. 

HANTUSH is an interactive ground water mound estimation program based on the so
lutions to axisymmetric recharge presented by Hantush (1967). The program includes solu
tions for rectangular and circular recharge basins; allows the user to define up to 10 
rectangular or circular recharge elements with varying dimensions and recharge rates; calcu
lates the mound height due to all recharge elements at the recharge element centers or at any 
other (x,y) coordinate; calculates the mound height due to all recharge elements as a function 
of time at any (x,y) coordinate; will generate an (t,z) or (x,y,z) ASCII files suitable for import
ing into graphing and contouring packages; and includes a routine for sensitivity analysis. 

The program is written in Microsoft QuickBASIC©. A single executable file includes 
two options: a text version for use on IBM compatible computers with no graphics capabili
ties, and an enhanced graphics version for use on an IBM compbatible computer with EGA or 
VGA graphics capabilities. The enhanced version will present screen graphs of mound height 
versus time at a given (x,y) point and mound height versus parameter value in the sensitivity 
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analysis routine. A copy of the program with instructions for use can be obtained from 
the author. 

The derivations of the equations used in the program are given in Hantush (1967), and 
will not be repeated here. The relevant equations used in the computer program are given in 
appendix A. Several points should be discussed, however. 

First, the solutions provided by Hantush solve for the average head along a vertical 
section in the aquifer. As a result, the mound heights calculated will be slightly lower than ac
tual mound heights would be if controlled experiments could be conducted in the field. This 
fact was recognized by Marino (1975). 

The solutions for mound height beneath both rectangular and circular recharge basins 
are iterative. This is clear from equation 8 in Hantush ( 1967), where the constant of lineariza
tion is the average of the initial water table elevation and the water table elevation at the time 
of interest. This was also recognized by Rao and Sarma (1980). In general, the solutions con
verge to reasonable changes in mound height (less than 0.01 feet) in 6 or fewer iterations. 

Approximations made by Hantush place constraints on model times for which the 
mound height can be calculated. The solution for circular recharge basins is expressed in 
terms of intergrals of zero and first order Bessel functions. With no practical loss in utility, 
approximate solutions are provided for model times greater than a critical time defined in 
terms of hydraulic conductivity, effective porosity, average head, and distance from the re
charge center (Hantush (1967), page 233). These approximate solutions are used in the com
puter program, which checks to insure that the time of interest is greater than the critical time. 

In his original 1967 paper, Hantush (1967) presented a table of his function S*(a,~) 
for use in computing the mound height for a rectangular recharge element. This function is 
given as: 

(1) 

where erf is the error function , a and ~ are functions of aquifer parameters, recharge rate, 
size of the recharge element, distance from the recharge element center, and time since re
charge began, and 'tis a variable of integration (see Hantush (1967) for details). 

Two techniques are used to calculate S*(a,~) for rectangular recharge basins: for 

large values of time and small values of a and~' the approximation given by Hantush (1967, 
eqn. 25, pg. 233) is used to calculate the mound height. For smaller values of time and large. 

distances from the center of the recharge element (where a and~ are greater than approxi
mately 0.1), the integral in equation (1) above is replaced by a summation from 0 to 1 of the 
product of a numerical approximation (Hastings, 1955) to the error function. 
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1 a p 
s*(a,(3) .... ~ erf(c) erf(c) ll i: 

Q V't V't 
(2) 

For values of a and p greater than approximately 0.1, the cumulative errors in the 
product of the numerical approximation to the error function are small compared to the sum 
from 0 to 1, and this technique provides good agreement with Hantush's tabulated values (fig
ure 2). For 25 steps in the numerical integration, the average deviation of the calculated val
ues of S*(a,(3) from the tabulated values given in Hantush (1967) is -0.31%; for 50 and 100 
steps in the numerical integration, this deviation actually increases to -1.06% and -0.51 % re
spectively. Numerical integration over 25 steps is used in the program. 

When calculating the mound height for a rectangular basin as a function of time at 
moderate to large distances from the center of a re~harge element, there is a discontinuity in 
the calculated mound height as the method used calculate S*( a,(3) changes. This discontinu
ity is smoothed in the computer program by adjusting the mound height calculated using the 
summation approximation (equation 2) to the mound height calculated using Hantush's ap
proximation for S*(a,(3) when a and pare small. In many cases, however, the initial values 

of a and p are smaller that 0 .1, and the summation approximation is never used. This is espe
cially true for calculation of mound heights near the center of the recharge area or a recharge 
element array. 
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Figure 2. Comparison of percent deviation of values of S * ( a,(3) calculated by numerical inte-
* gration versus tabulated values of S ( a,(3) in Han tush( 1967) 
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COMPARISON WITH NUMERICAL METHODS 

In order to provide an estmate of the accuracy of the Hantush ( 1967) equations as im
plemented in the HANTUSH program, a set of test cases were developed similar to those in 
Allen (1980), but including both rectangular and circular recharge basins. Head distributions 
around the recharge basins were calculated using the U.S. Geological Survey modular 3-di
mensional ground water model, MODFLOW (MacDonald and Harbaugh, 1988), and the 
HANTUSH program. 

MODFLOW was selected as a benchmark for the HANTUSH program because of the 
widespread availability, acceptance, and use of the model in both academia and the consulting 
industry. Analysis of impacts of septic systems on ground water frequently includes an as
sessment of the impact on ground water quality; specifically the impact on nitrate concentra
tions on ground water downgradient from the leach field. For these assessments, another U.S. 
Geologcal Survey model, MOC (or the method of characteristics solute transport model) 
(Konikow and Bredehoeft, 1978), is frequently used to calculate the downgradient nitrate con
centrations. Unfortunately, support for flow and transport under unconfined conditions was 
removed from the model in 1981 (U.S. Geological Survey, 1981), and the model should not 
be used to rigorously assess mounding. Under confined conditions with constant transmissiv
ity, the calculated mound heights will be higher than the actual mound heights. 

In using the MODFLOW results as a benchmark, several differences between analyti
cal and finite difference solutions should be recognized: 

First, the analytical solutions developed by Hantush (1967) allow computing a head 
any point of interest and at any time (subject to limitiations of the approximations ~ade in the 
solutions for a circular recharge basin discussed above). MODFLOW (and any numerical 
ground water model) discretizes both time and space and iteratively approaches the actual so
lution. The computed head is the head averaged over the finite difference cell and will vary 
with the size of the finite difference cell and time increment used in the model. 

Second, both the equations developed by Hantush ( 1967) and a 2-dimensional finite 
difference nunerical model calculate the head averaged over the entire thickness of the aqui
fer. It is not clear, however, that the two vertically averaged heads are exactly the same. 

Third, MODFLOW provides for either specified flux or specified head boundary con
ditions, but these boundaries must be placed some finite distance from the center of the finite 
difference grid. The boundary conditions imposed by Hantush (1967) include a specified 
head (equal to the initial head) at (x,y) equal to infinity. This problem was dealt with in the 
numerical model by increasing the sizes of the cells on the edges of the grid to increase the 
distance from the center of the grid to the boundary. Two test cases were run with both speci
fied head and specified flux (no-flow) boundary conditions Over the time period considered 
in the models (1000 days), the differences in mound heights calculated by MODFLOW for 
these different boundary conditions were less than 0.01 % at the center of the mound. The fi
nal set of test case runs were made using a specified head boundary condition. 
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Case 1: 50 ft x 50 ft rectangular recharge basin. 

Case 2: 5 ft x 25 ft rectangualr recharge basin. 

Case 3: 30 foot radius circular recharge basin. 

Case 4: Array of four 25 ft x 25 foot rectangular recharge basins, centered at the comers of a 
75 ft x 75 ft square (75 feet on center parallel to the x- and y-axes) 

Case 5: Array of four 5 ft x 50 ft rectangular recharge basins aligned parallel to each other, 20 
feet on center 

Table 1. Geometries of test cases used to compare results from HANTUSH against the nu
merical model MODFLOW. 

For these reasons, results from the HANTUSH and MODFLOW programs should not 
be expected to agree exactly. The purpose of the comparison is to show that for many cases 
the analytical program can be used to quickly evaluate a number of recharge basin geometries 
and recharge rates and provide an estimate of the sensitivity of the calculated mound heights 
to a number of aquifer characteristics. 

Five test cases are examined. Table 1 presents a summary of conditions for the test 
cases. Figure 3 shows the arrangement of the rectangular basins in cases 4 and 5. 

25 feet 50 feet 

; Center of array ] _________________ v ____________ _ 
or. ,_ 
~ 

Center_~'.-~rr~~--~ ___________________ _ --
Center of recharge element 

Case4 Case 5 

Figure 3. Arrangement and geometry of rectangular basins for cases 4 and 5. 
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In all cases, the initial saturated thickness is 20 feet; the hydraulic conductivity is 1.0 
ft/day, and the specific yield is 0.05. For cases 1, 3, 4, and 5, the recharge rate is 0.0385 cu 
ft/sq ft/day, or 0.0385 ft/day. This corresponds roughly to recommended loading rates for dis
posal beds in loams, sandy loams, and silt loams (Frick, 1987, table 1). For case 2 (the 5 ft x 
25 ft basin), the recharge rate is 0.385 ft/day; this corrresponds roughly to recommended load
ing rates for disposal trenches in coarse sands (Frick, 1987, table 2). The higher loading rate 
was necessary to generate a sufficiently large mound in the larger basin. 

For the numerical simulation using MODFLOW, a 2-dimensional square grid com
posed of 70 cells on a side was defined. The entire grid was 2780 feet on a side. The central 
portion of the grid (the central 50 x 50 cells) was divided into cells 5 ft x 5 ft. Along the out
side of the grid, the cell size was gradually increased from 5 ft x 5 ft to 500 ft x 500 ft to 
move the specified head boundary away from the central area. All recharge basins were de
fined in the central 250 ft x 250 ft area, and all comparisons with the HANTUSH program are 
based on values of head calculated in this central area. The initial head in the aquifer was de
fined as 0 feet, the aquifer bottom was set at -20 feet (for an initial saturated thickness of 20 
feet), the hydraulic conductivity and specific yield were defined as above, and the model was 
run in the transient mode under unconfined conditions. The model was run for 1000 days in 
40 day time steps. 

The model was run on an IBM-compatible computer; run times averaged from 30 
minutes to over an hour, however, compared to no more than several minutes to calculate the 
mound height at some time t over a comparable sized grid using the HANTUSH program. 
Calculation of the mound height at some (x,y) point as a function of time for periods of up to 
1000 days also took no more than several minutes. Sensitivity analyses of the mound height 
at some (x,y ,t) for differing values of saturated thickness, hydraulic conductivity, and effec
tive porosity were essentially instantaneous. 

The results of model runs are shown in figures 4 and 5. In all cases, mound heights 
calculated by the HANTUSH program are within 10% of the mound heights calculated by the 
MODFLOW program, and in many cases are within 5%. For most cases, the HANTUSH re
sults are slightly higher than the MODFLOW results; this may be due to the fact that Han
tush's (1967) equations deal with an infinite aquifer whereas the MODFLOW program deals 
with a finite aquifer. 

For the case of the 5 ft x 25 ft basin (case 2, figure 5), the HANTUSH results for times 
greater than approximately 500 days fall below the MODFLOW results. The reason for this 
is unknown; however, the jumpy nature of the MODFLOW results suggests that a time step 
of 40 days for this recharge rate may be too coarse. 

DISCUSSION 

Hantush's (1967) solutions to mounding in response to artificial recharge provide rea
sonably accurate solutions under a wide variety of conditions. As is the case for most analyti
cal solutions, however, the solutions are not able to deal with many of the complexities of 
actual field conditions. A field study of mounding beneath a large municipal sewage treat-
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ment plant leach bed by Chan and Sykes (1984) illustrates some of these problems. They at
tribute many of the discrepancies between the observed mound heights and mound heights 
calculated using Hantush's equations to variable field conditons - either varying saturated 
thickness or hydraulic conductivity. They do conclude, however, that Hantush's solutions 
provide " ... reasonable, although conservative, predictions ... " of groundwater mounding be
neath the leach bed. 

The problems encountered by Chan and Sykes (1984) and others in attempting to 
match observed and predicted mound heights nearly always fall back to diffculties in estimat
ing the hydraulic conductivity of the aquifer material. Allen (1980) showed that the calcu
lated mound heights for all the analytical solutions he considered were most strongly 
dependant on the hydraulic conductivity. Several minutes spent with the HANTUSH pro
gram will confirm this. The HANTUSH program is a convenient tool for evaluating mound
ing for a variety of conditions; as is the case for all models, the quality of the output is 
entirely dependant on the quality of the input. 

Two additional points: 
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First, the initial conditions in Hantush's solutions assume the pre-existing water table 
is horizonal. In his review, Allen (1981) presented a number ofreasons why mound heights 
observed in the field could differ from mound heights calculated by either analytical solutions 
or numerical models. Included in this list was the consideration of an initially sloping water 
table, which Allan states would effectively "wash out" the groundwater mound, carrying 
away the mound before it is established. This is not the case. Prior to addition of the artifi
cial recharge from a basin or leach bed, the pre-existing water table below the basin has a gra
dient that is at equilibrium with the existing hydrologic conditions (recharge, saturated 
thickness, and hydraulic conductivity). Addition of a new source of recharge requires an in
creased gradient to accomodate the additional flux; this increased gradient is independant of 
the slope on the pre-existing water table. Hantush's solutions can be superimposed on a pre
existing sloping water table to yield accurate mound geometries. 

Second, Roa and Sarma (1980) extended Hantush's solutions to consider finite aqui
fers. Molden and others (1984) presented a microcomputer model of artificial recharge using 
Glover's (1961) solutions, and suggested dealing with the presence of lateral controls (i.e., 
streams) by using the method of images. Hantush ( 1967) also proposed this technique for 
dealing with recharge basins near impermeable boundaries or streams. The HANTUSH pro
gram is written to accomodate either ( +) or (-) recharge rates, and the method of images can 
be used to model the effects of streams and/or impermeable boundaries on mound heights. 
Since the total number of recharge basins provided for in the program is 10 there are some 
limits to this approach, but given the most probable use of the program in relatively simple 
situations, this should not be a handicap. 

CONCLUSIONS 

Hantush's 1967 solutions to the growth of water table mounds under axisymmetric re
charge have been shown to provide results comparable to those generated by the U.S. Geo
logical Survey MODFLOW finite difference ground water model for simple test cases. The 
analytical solutions are not capable of dealing with much the complexity found in actual field 
situations, but there are many instances when the available field data does not justify the time 
and expense of developing a numerical ground water model. In these instances, the HAN
TUSH program presented here is a useful tool for rapidly evaluating potential ground water 
mounding. 

ACKNOWLEDGEMENTS 

Introduction to the problem of mounding beneath moderate to large wastewater dis
posal systems came while I was employed at Caswell, Eichler, and Hill, Inc. Time to refine 
early thoughts and develop the HANTUSH program came later, after rejoining the Maine 
Geological Survey. Thanks are extended to the Maine Geological Survey for providing time 
and resources for the preparation of the final manuscript, and to the reviewers for providing 
critical reviews of an earlier draft of the paper. 

139 



Loiselle 

REFERENCES 

Allen, D.H., 1980, Hydraulic mounding of groundwater under axisymmetric recharge: publication of the Water 
Resource Research Center, University ofNew Hampshire, Durham, NH, 35 p. 

Baumann, P., 1952, Ground water movement controlled through spreading: Transactions American Society of 
Civil Engineers, v.117, pp. 1024-1074 

Chan, H.T., and Sykes, J.F., 1984, Ground-water mounding beneath a large leaching bed: Ground Water, v. 22, 
pp. 86-93 

·Fetter, C.W., Jr., 1980, Applied Hydrogeology: Charles E. Merrill Publishing Co., Columbus, OH, 488 p. 

Freeze, R.A., and Cheny, J.A., 1979, Groundwater: Prentice-Hall Inc., Englewood Cliffs, NJ, 604 p. 

Frick, A., 1987, Site evaluation for subsurface wastewater disposal design in Maine, 2"d edition: Maine Depart
ment of Human Services, Division of Health Engineering, Augusta, 104 p. 

Glover, R.E., 1961, Mathematical derivations as pertain to ground water recharge: U.S. Department of Agricul
ture, Agriculutral Research Station, Fort Collins, 81 p. 

Hastings, C., Jr., 1955, Approximations for Digital Computers: Princeton University Press, Princeton, NJ 

Hantush, M.S., 1967, Growth and decay of ground-water mounds in response to uniform percolation: Water Re
sources Research, v. 3, pp. 227-234 

Konikow, L.F., and Bredehoeft, J .D., 1978, Computer model of two-dimensional solute transport and dispersion 
in ground water: Techniques of Water-Resources Investigations of the U.S. Geological Survey, Book 7, 
Chapter C2, 90 p. 

MacDonald, M.D. and Harbaugh, A.W., 1988, A modular three-dimensional finite-difference ground-water flow 
model: Techniques of Water-Resources Investigations of the U.S. Geological Survey, Book 6, Chapter 
Al 

Marino, M.A., 1967, Hele-Shaw model study of the growth and decay of ground water ridges: Journal of Geo
physical Research, v. 72, pp. 1195-1205 

Marino, M.A., 1975, Artificial groundwater recharge, I: Circular recharging area: Journal of Hydrology, v. 25, 
pp. 201-208 

Molden, D., Sunada, D.K., and Warner, J.W., 1984, Microcomputer model of artificial recharge using Glover's 
solution: Ground Water, v. 22, pp. 73-79 

Morel-Seytoux, H.J., Miracapillo, C., and Abdulrazzak, M.J., 1990, A reductionist physical approach to unsatu
rated aquifer recharge from a circular spreading basin: Water Resources Research, v. 26, pp. 771-777 

Rao, N.H., and Sarma, P.B.S., 1980, Growth of ground water mound in response to recharge: Ground Water, v. 
18, pp. 587-594 

State of Maine, 1980-86, Subsurfce Wastewater Disposal Rules, Chapter 241: Maine Department of Human Serv
ices, Augusta 

Trescott, P.C., Pinder, G.F., and Larson, S.P., 1976, Finite-difference model for aquifer simulation in two dimen
sions with results of numerical investigations: Techniques of Water-Resources Investigations of the 
U.S. Geological Survey, Book 7, Chapter Cl, 116 p. 

140 



Estimating Ground Water Mounding Beneath Subsurface Waste Disposal Systems 

U.S. Geological Survey, 1981, Note on computer program update to "Computer model of two-dimensional solute 
transport and dispersion in ground water": dated August 26, 1981 

141 



Loiselle 

Appendix A: Summary of equations from Hantush (1967) used in the program 
HANTUSH 

A single equation (Hantush, 1967, eqn. 14) is used to calculate the mound height for a 
rectangular recharge basin. This equations is: 

where h is the height of the water table at the time of interest, h; is the initial height of 

the water tabie, w is the recharge rate (ft/day), K is the hydraulic conductivity (ft/day), v = K1J 
E 

where bis the constant oflinearization defined by b = 0.5{h;(O) + h(t)], tis the specific yield, 

t is the time since recharge began (days), and the function s* is defined by 

(B-2) 

where erf is the error function, and in the terms a. and ~ 21 is the width of the recharge 
basin along the x-axis, and 2a is the width of the recharge basin along the y-axis, x and y are 
the points of interest where the height of the water table is to be calculated, and t is the time 

since recharge began (days). In the functions* (a.,~), 't' is a variable of integration. 

For a circular recharge basin, three equations are used to calculate the mound height 
depending on the distance r from the center ofrecharge basin. For r = 0, Hantush's equation 
28 is used: 

h2 hi _f_ [Wi( (1 - e- µo)] 
-1= µo)+ 

2rr,K µo 
(B-3) 

where hand h; are defined above, V = w1tR2 where w is the recharge rate (ft/day) and 
R is the radius of the recharge basin (feet), W(µ 0 ) is the well function for non-leaky aquifers, 

R2 
and µ0 = - where v is defined as above. 

4vt 

2 
For r ~Randt z: O.Sr , equation 31 is used: 

v 

h2 hi _f_ [Wi( (!....)2 - µo (1 - e- µo)] 
-1= µo)- e + 

21tK R µo 
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where r is the radial distance from the center of the recharge basin wher~ the height of 
the water table is to be calculated and the other terms are as defined above. 

2 
And .c. R d O.SR . 32 . d , ior r > an t > --, equat10n ts use : 

- v 

r2 
where µ = - and the other symbols are as defined above. 

4vt 
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